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ABSTRACT 
 
Nowadays, the fast-increasing energy demand for efficient, sustainable and environmentally-
friendly energy storage devices remains a significant and challenging issue. Lithium ion batteries 
(LIBs) have been widely used as commercial energy devices in portable electronics and also shown 
great promise in upcoming large-scale applications due to their advantages of environmental safety, 
efficiency in energy delivering and light weight. However, due to their limited capacity, energy 
densities and cycle ability, LIBs still need further improvement to expand their applications to a larger 
field, especially electric vehicle (EVs) and hybrid electric vehicles (HEVs), in which energy storage 
devices with large capacity and high energy density are urgently required. The increasing demand for 
their emerging applications in hybrid electric vehicles (HEVs) and electric vehicles (EVs) requires 
us to develop LIBs with higher energy density and power density. Significant improvements have 
been achieved on researching materials with high capacity to replace current commercial cathode 
material (LiCoO2) and anode material (graphite). In this report, we introduce several research works 
on novel design and synthesis of nanostructured electrode materials with high performance for 
lithium-ion batteries.  
Our work concentrates on boosting electrochemical performance of both cathode and anode 
materials for lithium ion batteries. The first project is focused on synthesis of KFe3(SO4)2(OH)6/rGO 
hybrid as high-performance cathode materials for Li-ion batteries, we found single-layer graphene 
sheets can serve as both structure-directing agents and growth platforms to directly grow 
monocrystalline KFe3(SO4)2(OH)6 nanoplates with unique hexagonal shapes, forming 
KFe3(SO4)2(OH)6/rGO hybrid that exhibits significantly improved performance. Moreover, we also 
investigated electrospinning method, the new technique to fabricate nanostructures. We synthesized 
spinel-structured LHMNCO TBA nanowires using an electrospinning method followed by facile ion-
exchange promoted phase transition. The spinel-structured LHMNCO TBA shows improved capacity 
retention and improved rate capability as cathode for lithium ion batteries. In addition, we also 
developed various several strategies to improve the performance of anode materials. Coral-like 
SnO2/C composite electrodes has been fabricated through a top-down strategy followed by a sol-gel 
method of carbon coating, showing significant improvements in rate capability. We also fabricated 
crystalline-Co3O4-carbon@amorphous-FeOOH interwoven hollow polyhedrons through thermal 
treatment paired with solution-phase growth. The improve anode performance is attributed to the 
synergistic effect of integrated crystal and amorphous components as well as the unique interwoven 
heterostructure. We also investigate the oxygen evolution reaction performance of nanostructured 
materials. Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons have been fabricated by 
facile thermal treatment followed by solution-phase growth for application as efficient OER 
electrocatalyst. The last two projects switch to design novel cathode materials for zinc ion batteries. 
Compared with lithium ion batteries, zinc ion batteries are more attractive for large-scale application 
due to their low cost, environmental friendliness and safety. However, the development of zinc ion 
batteries is seriously impeded by the limited choice of suitable cathode materials owing to their low 
reversibility and slow diffusion of divalent zinc cations in cathodes. We first developed porous 
MoO2/Mo2N heterostructured nanobelts cathode via electrochemical activation method. During the 
electrochemical activation, it is interesting to find that MoO2 grains in-situ generate in Mo2N matrix. 
The improved performance is attributed to the synergistic effect of integrated MoO2 grains and Mo2N 
nanobelt matrix. In addition, we further studied defect engineered MoS2-x nanosheets as cathode for 
zinc ion cells.  These MoS2-x nanosheets show a preferential insertion of Zn ions into sulfur vacancies, 
allowing a much greater capacity to be obtained compared to pure MoS2.
1 
 
CHAPTER 1. INTRODUCTION 
1.1. Background 
 
Energy and environmental issues have become the top priority among a series of global issues for the 
next 50 years. Nowadays, fossil fuels are the dominant source to satisfy the energy needs of humanity. 
However, these resources are being depleted fast and usually lead to environmental problems, such as air 
pollution and global warming, owing to emissions of nitrous oxide, methane, carbon dioxide, and other 
gases containing volatile organic compounds.[1] Much progress has been made to overcome the 
abovementioned challenges by developing new energy technologies, including rechargeable batteries, 
supercapacitors (SCs), and solar cells. In the past several decades, electrochemical energy 
storage/conversion systems have been widely used as power supplies for many portable electronics and 
electric vehicles (EVs).[2] Nevertheless, driven by ever-growing demands for green technologies to solve 
urgent sustainable energy and environmental issues, a vast variety of nanomaterials have been prepared 
for applications as high performance electrode materials in batteries, SCs, and solar cells; related research 
is reported rapidly on a daily basis. It is believed that the novel design of nanostructured electrode materials 
is crucial for gaining maximum energy efficiencies in electrochemical energy storage/conversion systems, 
and low-cost synthetic routes of nanomaterials are important for their large-scale production for eventual 
commercialization.1 [3-6] 
  
Figure 1.1. (a) Energy density of varied energy storage/conversion devices, [7] (b) an overview of the 
average discharge potentials and specific capacities for all types of electrodes [8] 
 
Based on the different working mechanisms, energy storage/conversion devices have been divided into 
fuel cells, supercapacitors, and batteries. The common points of these energy storage/conversion devices 
are bellow: 1) the transportation of ions and electrons is separated. The ions are moving the in the 
electrolyte between cathode and anode materials. While, electrons are in the outside circuit. The 
electrochemical reactions usually happens at the interface of electrode materials; (2) electrodes (cathodes 
and anodes), separators and electrolyte are the main components in the energy storage/conversion devices; 
(3) Both cathode and anode materials are required to have efficient electronic and ionic conductivity.[9-
12] Figure 1.1 displays the energy density and power density of varied energy storage/conversion devices, 
such as supercapacitors, lead-acid batteries, hybrid batteries, nickel metal hybrid batteries and fuel cells. 
[13] Compared with these energy storage/conversion devices, the lithium ion batteries show both higher 
power and energy density than the others. 
About 40 years ago, Goodenough and his co-workers first studied using LiCoO2 as the cathode in 
lithium ion batteries. As shown in Figure 1.2, LiCoO2 has layered structure. The electrochemical reaction 
is driven by the insertion and extraction of lithium ions at the interlayer spacing of CoO2 octahedrons. 
Since invented in 1979, LiCoO2 have been the most widely used commercial cathode materials in lithium 
ion batteries due to the advantages of high energy density, stable charge/discharge plateau as well excellent 
cycle stability. While, the main disadvantages of this LiCoO2 material are the low theoretical capacity 
(~100 mAh/g), high-cost and poor electronic conductivity. These drawbacks seriously hinder its large-
                                                          
1 1st paragraph in chapter 1 previously appeared as Z. Q. Xie, W. W. Xu, X. D. Cui, Y. Wang, Recent progress in metal–organic 
frameworks and their derived nanostructures for energy and environmental applications. ChemSusChem. 2017, 10, 1645-1663. It 
is reprinted by permission of John Wiley and Sons 
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scale application. [14-17] Therefore, it is significant for us to find novel economic materials, which can 
support high capacity to substitute current cathode materials.  
 
 
 
Figure 1.2 (a) Crystal structure and (b) XRD patterns of LiCoO2.[17] 
  
    As shown in Figure 1.1 (b), the electrochemical mechanism of anode material has been divided into 
intercalation reaction and conversion reaction. The typical interaction material is the commercial graphite 
material. Due to the low cost and high safety, graphite materials have been widely used in the current 
commercial lithium-ion batteries. By reversible intercalation/de intercalation reaction of lithium ions, the 
graphite anode can support the theoretical capacity of 372 mAh/g. While, to apply of LIBs on large-scale 
machines, such as electric vehicles (EVs) and hybrid electric vehicles (HEVs), LIBs still need further 
improvement in capacity, energy density and stability. Therefore, in recent years, many researchers have 
focused their studies on the development of new high-performance anode materials.[18] As shown in 
Figure 1.1 (b), conversion anode materials often show higher capacity at low potential. And the conversion 
anode materials can be furthur divided into two categories: alloying reaction materials (such as Sn, SnO2, 
Si, ZnO, etc conversion-reaction material (such as CuO, Fe2O3, et al.). [19] 
 
1.2. The Working Mechanism of Lithium-ion Battery 
 
Figure 1.3 A schematic presentation of the most commonly used Li-ion battery based on graphite anode 
and LiCoO2 cathodes. [20] 
 
Figure 1.3 displays the schematic illustration of lithium-ion battery. [20] As shown in figure 1.3, in the 
battery, there are four main components: cathode, anode, separate and electrolyte. [21-23] The separate is 
right between the cathode and anode. Lithium ions move between two electrodes back and forth during 
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charging and discharging process. And electrons are moving in the outside circuit to power the electronic 
devices. And if electrons and lithium ions, they meet at the cathode, that’s the high voltage part. That’s 
the discharging process. Basically, during the discharging process, lithium ions are deintercalated from 
the graphite interlayer spacing and return to the cathode material. If they all go to anode, they carry high 
energy, that’s the charging process. During charging process, lithium ions are extracted out from the 
interlayer spacing of CoO2 octahedrons (Li1-xCoO2), and inserted into the layered spacing of graphite, 
forming LixC6 compound. Basically, during the charging and discharging process, what we want to do, is 
put electrons and lithium ions meet together, back and forth, many times. That’s the so-called chargeable 
batteries. [24-25] 
 
1.3. Motivation and Working Mechanism of Zinc Ion Batteries 
 
Figure 1.4 Schematic illustration of zinc ion battery 
 
Due to the advantages of high energy density, long cycle life, and light weight, LIBs have been widely 
used as commercial energy storage devices in portable electronics for several decades. However, many 
factors including limited lithium resources, safety issues, high cost et al. hinder future large-scale 
applications of LIBs, especially for stationary grid storage, where durability, low cost, and safety need to 
be considered. Recently, tremendous research efforts have been focused on aqueous rechargeable batteries 
using naturally abundant alkaline ions (Na+, K+) and divalent cations (Zn2+, Mg2+) as charge carriers.[26] 
The aqueous zinc ion batteries (ZIBs) are particularly attractive due to the unique properties of zinc anode, 
such as low cost and high abundance of zinc metals, stability in aqueous electrolytes, environmental 
benignity, and high safety. However, the development of rechargeable zinc batteries is seriously impeded 
by the limited choices of suitable cathode materials. Polymorphs manganese dioxide (MnO2) and Prussian 
blue analogues have been explored as cathode materials for ZIBs. However, MnO2 cathode suffers from 
poor rate performance and rapid capacity fading due to its inherent low conductivity, while Prussian blue 
delivers limited capacity (around 50 mAh/g) and suffers from oxygen evolution at high operation voltage 
(around 1.7 V vs. Zn).[27] Therefore, searching for novel electrode materials that are durable, high-
capacity, and suitable voltage window is crucial to the development and breakthrough of realizing practical 
high-performance ZIBs. 
The electrochemical mechanism of zinc ion batteries is similar with that in lithium ion batteries. As 
shown in figure 1.4, three main components are in a zinc ion battery: cathode, zinc metal and aqueous 
electrolyte. Between cathode and anode, there is a separator. During discharging process, zinc ions are 
stripped from the zinc metal and inserted in cathode material. During charging process, zinc ions are 
extracted out from the cathode material, and return to the positive electrode material. Meanwhile, electrons 
are moving in outside circuit, powering electronic devices. 
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1.4. Motivation and Goals 
 
This dissertation mainly introduces seven projects on development of novel cathode and anode materials 
with high performance for lithium ion batteries. In chapter 2, we developed a facile and scalable method 
to prepare two-dimensional earth-abundant jarosite-KFe3(SO4)2(OH)6/rGO hybrid via a solution-phase 
oxidization process at elevated temperature. In this synreport, single-layer graphene sheets serve as both 
structure-directing agents and growth platforms to directly grow monocrystalline KFe3(SO4)2(OH)6 
nanoplates with unique hexagonal shapes, forming KFe3(SO4)2(OH)6/rGO hybrid that exhibits a high 
reversible capacity of 120.5 mAh/g after 100 cycles at a specific current of 2 C and thus retains 88% of 
the maximum capacity. The monocrystalline jarosite- KFe3(SO4)2(OH)6-nanoplates/rGO hybrid exhibit a 
discharge capacity of 143.6, 113.9, 98.2, 83.9 and 65.9 mAh/g at 1, 2, 5, 10, and 20 C, respectively, and 
retain a specific capacity of 134.4 mAh/g when the specific current returns from 20 C to 1 C, displaying 
an excellent rate capability. At the high rate of 10 C, the jarosite- KFe3(SO4)2(OH)6/rGO composites 
maintain 70.7 mAh/g after 300 cycles with a capacity retention of 78.2%, indicating remarkable cycling 
stability even at a high rate. In comparison with KFe3(SO4)2(OH)6particles, the KFe3(SO4)2(OH)6/rGO 
nanocomposites exhibit remarkably prolonged cycling life and improved rate capability. Therefore, earth-
abundant jarosite- KFe3(SO4)2(OH)6/rGO hybrid, demonstrates great potential for application as high-
performance cathode material in new-generation lithium-ion rechargeable batteries. 
Li-excess layered materials, such as Li[Li0.2Mn0.54Ni0.13Co0.13]O2 (LMNCO) et al. are promising cathode 
materials that can be used in batteries for hybrid electric vehicles (HEV)/electric vehicles (EV), due to 
their excellent lithium-storage capability and very high energy density. Dramatic capacity loss during 
electrochemical cycling seriously hinders their practical implementation. It is found that the LMNCO 
layered cathode material suffers from structural instability and irreversible layered-to-spinel phase 
transition during lithiation/delithiation, leading to dramatic loss of capacity and deteriorated 
electrochemical kinetics. To overcome this challenge, in chapter 3, we synthesize spinel-structured 
LHMNCO TBA nanowires using an electrospinning method followed by facile ion-exchange promoted 
phase transition. After 100 electrochemical cycles at the specific current 0.5 C, spinel-structured 
LHMNCO TBA still retains a capacity of about 200 mAh/g, corresponding to a capacity retention ratio of 
90.5%, much higher than that of layered LMNCO nanowires, which only maintains a specific capacity of 
137 mAh/g with only 48.9% capacity retention. 
    The applications of alloying/dealloying materials are hindered by dramatic large volume variations and 
sluggish kinetics. In chapter 4, to overcome these challenges, we report a facile and scalable approach for 
fabricating coral-like SnO2/C composite electrodes through a top-down strategy followed by a sol-gel 
method of carbon coating. In this synreport, well-defined SnS2 nanoflowers serve as a template to obtain 
monocrystalline interconnected SnO2 nanoparticles structure, and dopamine is used as the carbon source 
to integrate SnO2 nanoparticles to achieve three-dimensional coral-like SnO2/C composite, which exhibits 
a high reversible capacity of 648 mAh/g after 50 electrochemical cycles and a low capacity fading of 0.778% 
per cycle from the 2nd to the 50th cycle, demonstrating outstanding cycling stability. Such coral-like 
SnO2/C composite exhibits a discharge capacity of 1294, 784, 658, 532, and 434 mAh/g at a specific 
current of 100, 200, 500, 1000 and 2000 mA/g, respectively, and retains a specific capacity of 719 mAh/g 
when the specific current goes back to 100 mA/g, displaying an excellent rate capability. Compared to the 
electrodes of SnS2 nanoflowers and interconnected SnO2 nanoparticles, the optimized coral-like SnO2/C 
composite shows significant improvements in electrochemical performance, especially in the rate 
capability and cycling reversibility, and thus demonstrates great potential as superior anodes in next-
generation lithium ion batteries. 
Complex heterostructured nanomaterials receive tremendous attention due to their superior physical and 
chemical performances than single-structured materials. Nevertheless, it remains a great challenge to 
precisely control the composition (crystalline or amorphous), size and dimension of the building blocks of 
hierarchical nanostructures. In chapter 5, we report a scalable method for fabricating crystalline-Co3O4-
carbon@amorphous-FeOOH interwoven hollow polyhedrons through thermal treatment paired with 
solution-phase growth for application as anodes in new-generation lithium ion batteries. In this synreport, 
well-defined Co3O4-carbon hollow polyhedrons serve as both oxidizing agent and growth platform for 
amorphous FeOOH nanowires. The obtained heterostructured hollow polyhedrons exhibit a high 
reversible capacity of 603 mAh/g after 100 cycles at the specific current of 200 mA/g, showing a capacity 
fading of only 0.158% per cycle between 10 to 100 cycles, much lower than that of pure Co3O4-carbon 
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hollow polyhedrons (0.604%). When the specific current returns from 2000 mA/g to 50 mA/g, Co3O4-
carbon@FeOOH heterostructure maintains a specific capacity of 1120 mAh/g, demonstrating remarkable 
cycleabilty and high rate capability. Such superior performance is attributed to the synergistic effect of 
integrated crystal and amorphous components as well as the unique interwoven heterostructure. The design 
of such an interwoven 3D frame architecture provides new opportunity for obtaining high-performance 
electrode materials in the field of energy storage. 
Hollow and heterostructured nanomaterials have received tremendous interest in new-generation 
electrocatalyst applications. However, the design and fabrication of such materials remain a significant 
challenge. In chapter 6, we present the Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons 
which have been fabricated by facile thermal treatment followed by solution-phase growth for application 
as efficient OER electrocatalyst. Starting from a single ZIF-67 hollow polyhedron, a novel complex 
structured composite material constructed from Co3O4-x nanocrystallite-embedded carbon matrix 
embedded by Fe2-yCoyO3 nanowires is successfully prepared. The Co3O4-x nanocrystallite with oxygen 
vacancies provides both heterogeneous nucleation sites and growth platform for Fe2-yCoyO3 nanowires. 
The resultant heterostructure combines the advantages of Fe2-yCoyO3 nanowires with large surface area 
and surface defects of Co3O4-x nanocrystallite, resulting in improved electrocatalytic activity and electrical 
conductivity. As a result, such novel heterostructured OER electrocatalyst exhibits a much lower onset 
potential (1.52 V) and higher current density (70 mA/cm2 at 1.7 V), than that of Co3O4-x-carbon hollow 
polyhedrons (onset 1.55 V, 35 mA/cm2 at 1.7 V) and pure Co3O4 hollow polyhedrons (onset 1.62 V, 5 
mA/cm2 at 1.7 V). Furthermore, the design and synthesis of MOF-derived nanomaterials in this work offer 
new opportunities for developing novel and efficient electrocatalysts in electrochemical devices. 
Rechargeable aqueous zinc ion batteries are particularly attractive for large-scale application due to their 
low cost, environmental friendliness and safety. However, the development of zinc ion batteries is 
seriously impeded by the limited choice of suitable cathode materials owing to their low reversibility and 
slow diffusion of divalent zinc cations in cathodes. In chapter 7, defect-rich MoS2-x nanosheets are 
synthesized using a facile hydrothermal method followed by heat treatment, for application as superior 
cathode material for the zinc ion batteries. Combined STEM analysis, electrochemical study, and 
theoretical modeling reveal that the numerous edge sites and sulfur vacancies act as preferential 
intercalation sites for the zinc ions, allowing a much greater capacity to be obtained compared to defect-
free MoS2. At a specific current of 100 mA/g, the MoS2-x cathode delivers a high reversible capacity of 
135 mAh/g, corresponding to the insertion/extraction of 0.36 Zn2+ ions per molecular unit of MoS2-x. 
Moreover, the battery exhibits excellent capacity reversibility even at high rates. After 1000 cycles at a 
specific current of 1,000 mA/g, the MoS2-x electrode can still deliver a reversible capacity of 88.6 mAh/g, 
accounting for 87.8 % of the initial capacity. The MoS2-x electrode displays excellent electrochemical 
performance, making it a highly promising cathode material for future zinc ion batteries. 
In chapter 8, porous MoO2/Mo2N heterostructured nanobelts cathode has been developed by an 
electrochemical activation method for application as cathode for zinc ion batteries. During the 
electrochemical activation, it is interesting to find that MoO2 grains in-situ generate in Mo2N matrix. The 
generated MoO2 grains can not only accommodate the intercalated zinc ions, leading to high reversible 
capacity, but also provide high electronic conductivity, thereby improving the rate capability. On the other 
hand, the Mo2N matrix could protect the MoO2 grains from structure degradation during cycling and keep 
stable in the slight acidic electrolyte. Based on the synergic effect of MoO2 and Mo2N, electrochemical 
activated MoO2/Mo2N heterostructured nanobelts exhibit a high reversible capacity of 113 mAh/g at high 
current density of 1 A/g for 1000 cycles, showing long-term cyclic stability (capacity retention is 78.8%) 
and remarkable rate capability. It is believed that the superior performance is attributed to the synergistic 
effect of integrated MoO2 grains and Mo2N nanobelt matrix. This strategy of electrochemical activation 
process can be expanded to other metal nitride as zinc battery cathode.  
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CHAPTER 2. DIRECT GROWTH OF AN ECONOMIC GREEN ENERGY 
STORAGE MATERIAL: A MONOCRYSTALLINE JAROSITE-KFe3(SO4)2(OH)6-
NANOPLATES@rGO HYBRID AS SUPERIOR LITHIUM-ION BATTERY 
CATHODE2 
 
2.1. Introduction 
 
As described in Chapter 1, to achieve advanced batteries for the large-scale applications, there are 
some specific requirements for the electrode materials, such as high theoretical capacity, high rate 
capability and environment friendliness. Due to the low theoretical capacity (140 mAh/g), poor rate 
capability, high cost and toxic of the commercial LiCoO2, tremendous research has been made to 
develop novel electrode materials that are high-capacity, high conductive, economic, safe and 
environment friendly. So far, a series of work has been done to explore such cathode material to 
substitute commercial expensive and hazardous LiCoO2. Recently, polyanionic (“XO4”, X= P, Si, Mo, 
S, W.…) compounds have received more and more interest due to their high theoretical capacities, low 
cost, high thermal stability through strong X-O bonding, better safety and environmental friendliness. 
However, as electrode martials, polyanionic compounds show very low capacity retention and poor rate 
capability due to its low conductivity.  
In chapter 2, we have developed a facile and scalable method to prepare two-dimensional earth-
abundant jarosite-KFe3(SO4)2(OH)6/rGO hybrid via a solution-phase oxidization process at elevated 
temperature. In this synthesis, single-layer graphene sheets serve as both structure-directing agents and 
growth platforms to directly grow monocrystalline KFe3(SO4)2(OH)6 nanoplates with unique hexagonal 
shapes, forming KFe3(SO4)2(OH)6/rGO hybrid. 
    Rechargeable lithium-ion batteries (LIBs) have emerged as the most popular energy source for 
portable devices in the past two decades, owing to their advantages of light weight and high efficiency 
in delivering energy.[1-6] However, current LIBs still suffer from the limited energy density and cycling 
ability as well as high cost.[7-9] Therefore, further improvements are required to expand their applications 
to a larger field, especially in the field of renewable energy sources (wind and solar) for balancing 
intermittency with user demands.[10-13] Energy storage devices with high energy density and low cost 
are urgently needed to satisfy such a large-volume market.[14, 15] 
Searching for novel electrode materials that are economic, safe and high-capacity is crucial to the 
development and breakthrough of realizing high-performance green LIBs. [16, 17] So far, a series of work 
has been done to explore such cathode material to substitute commercial expensive and hazardous 
LiCoO2. [18, 19] Among a variety of alternative cathode materials, polyanionic (“XO4”, X= P, Si, Mo, S, 
W.…) compounds have received tremendous attention due to their high theoretical capacities, low cost, 
high thermal stability through strong X-O bonding, better safety and environmental friendliness. [20, 21] 
Iron based polyanionic compounds have been extensively studied due to the reasonably high voltage of 
the Fe2+/Fe3+ redox couple, earth-abundant resources and safety. Examples include LiFePO4, [22] 
LiFeSiO4, [23] FePO4, [24] Li2FeP2O7, [25] LiFeBO3, [26] and so on. Among these materials, iron-based 
sulfates have rarely been reported, since Manthiram and Goodenough discovered the insertion of 
lithium ions in the framework of NASICON type Fe2(SO4)3 in 1989. [27] Recently, iron-based 
hydrosulfates, particularly jarosite KFe3(SO4)2(OH)6 and NaFe3(SO4)2(OH)6, have been investigated as 
potential cathode materials for LIBs. [28] For example, Gnanavel et al. discovered that the insertion of 
lithium into the jarosite hydroxysulfate NaFe3(SO4)2(OH)6 leads to amorphous phase 
Li2+xNaFe3(SO4)2(OH)6 (0< x <0.5) via biphasic mechanism. The unique topotactic reversible reaction 
can be used to explain the electrochemical process for jarosite -type hydroxysulfate, indicating their 
energy storage capability. [29] Moreover, Ding et al. used a template-assisted redox method to synthesize 
jarosite KFe3(SO4)2(OH)6 nanosheets that deliver a large specific capacity of 117 mAh/g at 0.2 C and 
about 80 mAh/g at 10 C after 50 cycles, showing excellent rate capability and capacity retention. [30] 
                                                          
2 This chapter 2 previously appeared as W. W. Xu, Z. Q. Xie, X. D. Cui, K. N. Zhao, L. Zhang, L. Q. Mai, Y. Wang, Direct 
growth of an economic green energy storage material: a monocrystalline Jarosite-KFe3(SO4)2(OH)6-Nanoplates@rGO hybrid 
as a superior lithium-ion battery cathode. Journal of Materials Chemistry A. 2016, 4, 3735-3742. It is reprinted by permission 
of the Royal Society of Chemistry. 
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Jarosite KFe3(SO4)2(OH)6, found in natural acid mineral, is a stable and acid-resisting material with 
rhombohedral crystal structure that is made up of linear tetrahedral-octahedral-tetrahedral (T-O-T) 
sheets with potassium located between them at 12-fold coordinate. Small cations like lithium ions or 
sodium ions, can intercalate and deintercalate between the layers in spite of the presence of K+ ion. [31-
33] In theory, there are three lithium ions that can be intercalated and deintercalated in per formula of 
KFe3(SO4)2(OH)6 crystal structure at the potential range of 1.5 - 4 V vs. Li/Li+, via the 
reduction/oxidation between Fe3+ and Fe2+, corresponding to a theoretical capacity of 166 mAh/g, which 
makes it a promising cathode material for LIBs. [25]  
Meanwhile, two-dimensional nanostructured electrode material attracts more and more attention due 
to the enlarged surface area and shortened diffusion length, resulting in increased active contacts and 
accelerated Li+ and electron transport. [34] Moreover, it is believed that two-dimensional nanostructures 
can effectively sustain the large lithium insertion/deinsertation strain, maintain structural integrity and 
lead to a better cycling stability. [35] However, reported 2D nanostructures are mostly composed of 
simple metal oxides, hydroxides and metal sulfides. It remains a challenge to fabricate 2D 
nanostructures based on complex compounds with well-defined morphology and crystallinity. 
Graphene, as a typical two-dimensional nanomaterial with the advantages of light weight, high 
electrical conductivity, high mechanical strength and flexibility, is deemed as an ideal single-atom-thick 
substrate for growth of active nanomaterials, especially for the two-dimensional active materials since 
they display analogous structure with that of graphene. [36-38] Successful efforts have been devoted to 
preparing various 2D electrode materials hybridized with graphene for improved electrochemical 
storage properties. For example, Cheng. et al. [39] reported self-assembled V2O5 nanosheets/reduced 
graphene oxide (RGO) hierarchical nanocomposite, delivering a discharge capacity of 102 mA h g−1 
after 160 cycles at 2 C and showing good cycling stability at high specific current. Moreover, Chang. 
et al. synthesized MoS2/graphene nanosheet composites by using a one-step in-situ solution phase 
method. The MoS2/graphene nanosheet composites exhibit an extraordinary capacity up to 1300 mAhg-
1 after 50 cycles at 100 mAg-1, displaying excellent energy storage capability. Such improved 
performances are attributed to the unique two-dimensional structure, high electrical conductivity of 
graphene, and intimate interaction between active materials and graphene.[40] Though 
nanosheets/nanoplates on graphene oxide nanosheets have been reported, [41] it is still highly desirable 
to synthesize monocrystalline nanoplates of complex compounds on single-layer graphene with high 
electrical conductivity, considering a plate-on-sheet (KFe3(SO4)2(OH)6/graphene) nanostructure is 
beneficial for lithium ions and electrons to access their surface, consequently enabling a fast conversion 
reaction. 
 
Figure 2.1. Schematic illustrations of chemical process of preparation of monocrystalline 
KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and blocks. 
 
    Herein, we prepare monocrystalline jarosite-KFe3(SO4)2(OH)6-nanoplates/rGO hybrid via a facile 
and scalable solution-phase oxidization process at elevated temperature. In a typical synreport, the 
single-layer graphene oxide sheet serves as both structure-directing agent and growth platform for the 
direct growth monocrystalline KFe3(SO4)2(OH)6 hexagonal nanoplates. In this way, monocrystalline 
KFe3(SO4)2(OH)6 hexagonal nanoplates are chemically bonded with graphene oxide via the oxidization 
of ferrous ions and the reduction of the graphene oxide. Finally, KFe3(SO4)2(OH)6-nanoplates/rGO 
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hybrid is achieved. In this hybrid structure, the merits of monocrystalline KFe3(SO4)2(OH)6 nanoplates 
can be effectively combined with excellent electrical conductivity of graphene, yielding a cathode 
material with high energy density and low cost. Therefore, it is anticipated that the as-prepared 
KFe3(SO4)2(OH)6/rGO composites would display excellent rate capability and long cycling life. 
 
2.2. Experiments 
 
2.2.1. Synreport of monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid 
 
    The first step is to grow monocrystalline KFe3(SO4)2(OH)6 nanoplates on the single-layer graphene 
oxide nanosheets. First, 10 mg single-layered GO sheets (ACS material) were sonicated in 30 mL 
deionized water for one hour. Then, in a typical synreport, potassium nitrate (0.20 g) and ferrous sulfate 
(1.68g) were added and dissolved in it. After stirring for 10 min, 10 l H2SO4 (98%) were added into 
the solution dropwisely. Afterwards, the solution was sealed and stirred under the constant temperature 
of 80°C for 12 h in a water bath. Finally, the grey precipitates were collected by centrifuge and rinsed 
with deionized water and alcohol several times alternatively. 
The second step is the further reduction process of graphene oxide in hydrazine hydrate solution. 20 
mL hydrazine hydrate was dissolved into 200 ml deionized water, followed by adding 
KFe3(SO4)2(OH)6@GO prepared in the previous step. The obtained mixture was stirred for 10 h at room 
temperature (25°C). Then as-prepared KFe3(SO4)2(OH)6@rGO product was collected by centrifuge and 
rinsed with deionized water and alcohol several times alternatively. 
 
2.2.2. Synreport of KFe3(SO4)2(OH)6 blocks 
 
For comparison purpose, bulk KFe3(SO4)2(OH)6 powders were prepared according to the literature. 
[42] In this synreport, potassium nitrate (0.2 g) and iron sulfate (1.18 g) were dissolved into 0.01 M 
H2SO4 aqueous solution (100 mL) under magnetic stirring. The above mixed solution was then stirred 
at 80°C for 12 h. The obtained suspension was collected by centrifuge and rinsed with deionized water 
and alcohol several times alternatively. 
 
2.2.3. Material characterization 
 
    Crystallographic structures of the obtained products were determined by Rigaku MiniFlex X-ray 
diffraction (XRD) measurement with Cu Kα radiation in a 2θ range from 10° to 80° at room temperature. 
Surface morphology, particle size and energy dispersive spectroscopic (EDS) were studied using a FEI 
Quanta 3D FEG field emission scanning electron microscopy (FESEM). Transmission electron 
microscopic (TEM) images and selected area electron diffraction (SAED) of the KFe3(SO4)2(OH)6-
nanoplates/rGO composites were taken using a JEOL HRTEM (JEM-1400 electron microscope) with 
an acceleration voltage of 120 kV. The chemical states were analyzed via X-ray photoelectron 
spectroscopy (XPS) using an AXIS165 spectrometer using a twin-anode Al Kα (1486.6 eV) X-ray 
source with the charge neutralization function being turned on. 
 
2.2.4. Electrochemical Measurements 
 
The cathode was composed of the as-prepared (monocrystalline KFe3(SO4)2(OH)6 nanoplates/rGO 
composite, or bulk KFe3(SO4)2(OH)6), and acetylene black as well as poly(tetrafluoroethylene) (PTFE) 
binder mixed at a weight ratio of 7:2:1 in deionized water followed by drying. The mass loading of each 
cathode electrode is 2.43 mg. The cathodes were then assembled into CR2032-type coin cells in an 
argon filled glove-box using lithium foil as anode and celgard-2320 membrane as separator; electrolyte 
was 1 M LiPF6 dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC) and 
diethylcarbonate (DEC) at a volumetric ratio of 1:1:1. The coin cells were aged for 12 h before 
electrochemical measurements to ensure full filtration of the electrolyte into the electrodes. 
Galvanostatic charge/discharge measurements were performed using an eight-channel battery analyzer 
(MTI Corporation) in a voltage range of 1.5 - 4.0 V versus Li+/Li. Cyclic voltammetry (CV) 
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measurements were carried out using an electrochemical work station (CHI 6504C) over the potential 
range of 1.5 - 4.0 V vs. Li+/Li at a scanning rate of 0.1 mV/s. Electrochemical impedance spectroscopy 
(EIS) measurements were conducted by applying an AC potential of 5 mV amplitude in the frequency 
range from 0.01 to 100 kHz. 
 
Figure 2.2. (a) XPS spectrum of the monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid. (b) Fe 
2p XPS spectrum of the monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and bulk 
KFe3(SO4)2(OH)6. (c) C 1s XPS spectrum of the monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO 
hybrid, bulk KFe3(SO4)2(OH)6 and graphene oxide nanosheets. (d) XRD patterns of monocrystalline 
KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and bulk KFe3(SO4)2(OH)6. 
 
2.3. Results and Discussion 
 
Figure 1 presents a schematic illustrating the synthesis procedure of the monocrystalline 
KFe3(SO4)2(OH)6-nanoplates@rGO hybrid via oxidation of ferrous ions and reduction of GO. In this 
process, Fe2+ cations derived from FeSO4 favorably bind on the oxygen-containing groups on the single-
layered graphene oxide sheets via electrostatic interactions. Upon heating the mixture to 80°C, Fe2+ 
cations are gradually oxidized to Fe3+ cations while accelerating the hydrolysis leading to the acid 
environment of the solution, while GO is reduced simultaneously. In this process, the surface functional 
groups of graphene oxide sheets as reaction active sites provide preferred nucleation sites for the growth 
and crystallization of KFe3(SO4)2(OH)6, enabling a good dispersion of KFe3(SO4)2(OH)6 nucleated 
nanoparticles on the graphene platform, as confirmed by the ex-situ SEM image (Figure S1 a). After 3 
hours of reaction, tiny nucleated nanoparticles of KFe3(SO4)2(OH)6 are uniformly distributed on the 
graphene nanosheets. When the reaction time is prolonged to 5 hours, the nucleated nanoparticles grow 
larger and are firmly attached onto the graphene nanosheets. Afterwards, small particles pre-coated on 
graphene nanosheets diffuse and recrystallize into single-crystalline nanoplates with well-defined 
hexagonal shapes. For comparison purpose, KFe3(SO4)2(OH)6 powders are also synthesized without 
graphene oxide nanosheets. Without the graphene oxide nanosheets as substrates to direct the growth 
of KFe3(SO4)2(OH)6, the small nucleated particles of KFe3(SO4)2(OH)6 tend to aggregate and grow into 
large particles. The synthesis process of monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid is 
also confirmed by XPS results in Figure 2. Figure 2a reveals the presence of carbon, potassium, sulfur, 
oxygen and iron in the KFe3(SO4)2(OH)6-nanoplates@rGO hybrid sample. Figure 2b and 2c depict the 
high-resolution XPS spectrum of Fe 2p and C 1s of monocrystalline KFe3(SO4)2(OH)6-
nanoplates@rGO hybrid, bulk KFe3(SO4)2(OH)6 and graphene oxide respectively. Figure 2b confirms 
that Fe in both KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and bulk KFe3(SO4)2(OH)6 only exist in the 
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form of Fe3+, as proved by characteristic peak of Fe3+ at 718 eV together with two Fe 2p peaks at 717 
and 720 eV, confirming that iron is oxidized by graphene oxide. In addition, it is clearly seen in Figure 
2c that the ﬁrst peak at 283 eV (A) corresponds to the sp2 aromatic C-C bond, and the peak at 285 eV 
is related to the C-O group, whereas the other two peaks at 287 and 290 eV are due to the C=O peak 
and K 2p, respectively. Therefore, it is confirmed that GO is partially reduced by ferrous ions and further 
reduced into rGO as evidenced by the disappearance of C=O peak and the lower intensity of C-O peaks 
in KFe3(SO4)2(OH)6@GO and KFe3(SO4)2(OH)6@rGO samples. The crystal structures of the 
monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and KFe3(SO4)2(OH)6 bulk are determined 
by XRD. The XRD pattern in Figure 2d is identified as rhombohedral KFe3(SO4)2(OH)6 match well 
with those of standard XRD patterns of rhombohedral jarosite KFe3(SO4)2(OH)6 (JCPDF card no. 01-
071-1777), with lattice parameters of a = 7.29 Å, b = 7.29 Å, c = 17.16 Å, R-3m space group, confirming 
the purity of the products of monocrystalline KFe3(SO4)2(OH)6 nanoplates and KFe3(SO4)2(OH)6 bulk. 
It is noted that there are no obvious diffraction peaks from rGO due to its low content. 
 
 
Figure 2.3. SEM images of (a, b) monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid, (c,d) 
bulk KFe3(SO4)2(OH)6 
 
Figure 3 presents SEM images of monocrystalline KFe3(SO4)2(OH)6-nanoplate@GO hybrid and bulk 
KFe3(SO4)2(OH)6. Figure 3a and b show the SEM images of monocrystalline KFe3(SO4)2(OH)6-
nanoplates@GO hybrid at high and low magnifications, respectively, revealing a well-defined 
hexagonal monocrystalline KFe3(SO4)2(OH)6 nanoplates with an average width of ~800 nm and 
thickness of ~100 nm. Moreover, the monocrystalline KFe3(SO4)2(OH)6 nanoplates are bonded on the 
flexible single-layer graphene sheets, indicating the closely interaction between them. Moreover, the 
single-layer graphene nanosheets overlap with each other, forming a three-dimensional conducting 
network for fast electron transport pathways. In contrast, the bulk KFe3(SO4)2(OH)6 aggregates and 
composes of irregular micron-sized KFe3(SO4)2(OH)6 particles as shown in Figure 3c and d. Such 
distinct difference in morphology and size of the two KFe3(SO4)2(OH)6 products highlights the 
important role of graphene nanosheets as substrates directing the growth of monocrystalline 
KFe3(SO4)2(OH)6 nanoplates. Due to strong interactions with the dense functional groups and defects 
on the surface of graphene nanosheets, the nucleated KFe3(SO4)2(OH)6 precursor on the graphene 
nanosheets tends to transform into monocrystalline KFe3(SO4)2(OH)6 nanoplates with well-defined 
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shapes instead of aggregating irregular bulks in large size. To further study the elemental composition 
and distribution of KFe3(SO4)2(OH)6@rGO hybrid, EDS mapping is performed. It is clearly observed 
in Figure 4 that monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid is made of C, O, Fe, S and 
K elements. All the elements are distributed homogeneously in the selected area, indicating the 
uniformity of the as-prepared KFe3(SO4)2(OH)6-nanoplates@rGO hybrid. Moreover, the content of 
carbon is found to be about 9.6% in weight, corresponding to 9.6 wt % rGO in the sample. 
 
 
Figure 2.4. The EDS mapping of monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid 
 
     In order to further identify the morphology and crystallinity of monocrystalline KFe3(SO4)2(OH)6-
nanoplates@rGO hybrid sample, TEM coupled with electron diffraction capability is performed as 
shown in Figure 5. It can be seen in Figure 5a that monocrystalline KFe3(SO4)2(OH)6 nanoplates are 
firmly bonded on the graphene sheets. Figure 5b displays a TEM image of two individuals 
monocrystalline KFe3(SO4)2(OH)6 nanoplates, revealing their well- defined hexagonal shapes. And the 
electron diffraction pattern taken from a single KFe3(SO4)2(OH)6 nanoplate (Figure 5c) confirms the 
rhombohedral monocrystalline nature of the KFe3(SO4)2(OH)6 nanoplate. Figure 5d presents a 
schematic showing the hexagonal monocrystalline KFe3(SO4)2(OH)6 nanoplates grown on the graphene 
nanosheets and their crystal structures. It can be seen that KFe3(SO4)2(OH)6 displays analogous a sheet-
on-sheet nanostructure with that of graphene (Figure 5d). Directed by the functional groups on the 
graphene oxide nanosheets, the FeO4(OH)2 octahedra sheets and SO4 tetrahedra sheets pile up, building 
up the layered structure of monocrystalline KFe3(SO4)2(OH)6 nanoplates on the surface of graphene 
nanosheets, and these mixed sheets of octahedra and tetrahedra are interleaved with potassium cations. 
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Figure 2.5. The TEM images (a, b) and corresponding SAED (c) of monocrystalline KFe3(SO4)2(OH)6-
nanoplates@rGO hybrid; (d) a schematic illustrating the growth process of KFe3(SO4)2(OH)6 on 
graphene nanosheets. 
 
To evaluate electrochemical performances of all the samples, coin cells of monocrystalline 
KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and bulk KFe3(SO4)2(OH)6 are assembled and cycled in a 
voltage range of 1.5 - 4 V versus Li+/Li. As a novel cathode material for LIBs, cyclic voltammetry (CV) 
profile of KFe3(SO4)2(OH)6@rGO is carried out at a scan rate of 0.1 mV/s in a potential region of 1.5 - 
4 V to explore the lithium insertion/extraction behaviors. Figure 6a displays the CV curves of 
monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid, showing two characteristic anodic peaks 
at 2.488 and 2.186 V and two cathodic peaks occurs at 2.578 V and 3.068 V, in the first potential 
sweeping cycle, which are ascribed to the intercalation and deintercalation of lithium ions into the layers 
of KFe3(SO4)2(OH)6 crystal structure. In subsequent cycles, intercalation of lithium ions takes place at 
2.585 V and 2.308 V vs. Li/Li+. Such peak shift is attributed to a biphasic mechanism that occurs in the 
first discharge process. Figure 6b displays the charge and discharge characteristics of 
KFe3(SO4)2(OH)6@rGO hybrid at 1 C. The first discharge and charge capacity of 
KFe3(SO4)2(OH)6@rGO hybrid are 143.7 and 146.8 mA h/g, revealing the reversible intercalation/ 
deintercalation of ~2.5 lithium per formula. Moreover, the discharge and charge potential plateaus of 
each cycle are consistent with the corresponding CV redox peaks. Figure 6c compares the cycling 
performances of KFe3(SO4)2(OH)6@rGO hybrid and micron-size bulk KFe3(SO4)2(OH)6 at 2 C. To fully 
activate electrodes and form stable SEI films, the cells are cycled at a low rate of 0.5 C before long 
cycling at 2 C. It can be seen that KFe3(SO4)2(OH)6@rG presents an unexpected but interesting cycle 
performance. At 2 C, its discharge capacity increases from 110 mAh/g in the first cycle to the maximum 
of 135 mAh/g in the 40th cycle, and then exhibits a capacity of 120.5 mAh/g after 100 cycles retaining 
88% of the maximum capacity. The initial Coulombic efficiency is 97% and increasing gradually in the 
first 5 cycles and stabilizing at 100%. In contrast, the capacity of KFe3(SO4)2(OH)6 bulk rapidly decays 
to 25.2 mAh/g after 80 cycles, only retaining 36% of the maximum capacity. Figure 6d displays the rate 
performance of KFe3(SO4)2(OH)6@rGO hybrid and KFe3(SO4)2(OH)6 bulk. In this figure, 
KFe3(SO4)2(OH)6@rGO hybrid delivers discharge capacities of 143.6, 113.9, 98.2, 83.9 and 65.9 
mAh/g at 1, 2, 5, 10, and 20 C, respectively. Even though the rate is changed from 20 C then back to 1 
C, its discharge capacity recovers to134.4 mAh/g at once and maintains a good capacity retention in the 
following cycles, showing much better rate capability than that of KFe3(SO4)2(OH)6 bulk (40.3 mAh/g). 
Figure 6e presents the long cycling performances of the two samples when charged/discharged at a very 
high rate of 10 C for 300 cycles. KFe3(SO4)2(OH)6@rGO hybrid delivers an initial capacity of 67.9 
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mAh/g, and a maximum capacity of 90.4 mAh/g in the 65th cycle, maintaining 70.7 mAh/g after 300 
cycles with a capacity retention of 78.2%, indicating excellent cycling stability at high charge/discharge 
rates. In contrast, the bulk KFe3(SO4)2(OH)6 delivers an initial capacity of 67.0 mAh/g at the same rate 
and rapidly decays to less than 30 mAh/g after 50 cycles. The high capacity, long cycling life and 
excellent rate capability of monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid can be 
attributed to stable crystal structure of jarosite style KFe3(SO4)2(OH)6, the morphology of two-
dimensional nanoplates, and bonding between graphene sheets and monocrystalline KFe3(SO4)2(OH)6 
nanoplates grown on them, which facilitates fast electron transport since electrons can be efficiently 
conducted back and forth from monocrystalline KFe3(SO4)2(OH)6 nanoplates to the reduced graphene 
sheets. 
 
 
Figure 2.6. (a) CV curves and (b) galvanostatic charge-discharge profiles of the first three cycles of 
monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid. (c) Cycling performances of 
monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and bulk KFe3(SO4)2(OH)6 at 2 C. (e) Rate 
performances of monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid at rates ranging from 1 C, 
2 C, 5 C, 10 C, 20 C to 1 C. (f) Long cycling performances of monocrystalline KFe3(SO4)2(OH)6-
nanoplates@rGO hybrid and bulk KFe3(SO4)2(OH)6 at 10 C, after activation at a rate of 1 C for 4 cycles. 
(1 C = 120 mAh/g). 
 
To examine kinetics of the electrodes, EIS test is carried out on KFe3(SO4)2(OH)6@rGO hybrid and 
KFe3(SO4)2(OH)6 bulk before and after 300 electrochemical cycles. The EIS technology is one of the 
most powerful tools to study electrochemical reactions, such as the processes occurring at the 
electrode/electrolyte interfaces and Li+ intercalation/de-intercalation processes in the interior of 
cathode/anode materials. [43, 44] In the equivalent circuit, RΩ represents the Ohmic resistance of the 
electrode system, including the electrolyte and the cell components. Rct represents the charge transfer 
resistance. CPE and Zw are the double layer capacitance and the Warburg impedance, respectively. 
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Figure 7a and b exhibit the Nyquist plots of KFe3(SO4)2(OH)6@rGO hybrid and KFe3(SO4)2(OH)6 bulk 
before and after 300 cycles, respectively. All the Nyquist plots are composed of depressed semicircles 
in the medium-frequency region followed by a slanted line in the low-frequency region. Compared with 
the KFe3(SO4)2(OH)6 bulk (423 Ω), KFe3(SO4)2(OH)6@rGO hybrid show a much lower resistance of 
84.6 Ω, indicating that the reduced graphene sheets and the unique nanoplate composite structure indeed 
enhance the electron transport and modify the kinetics of the KFe3(SO4)2(OH)6@rGO hybrid sample. 
Additionally, in comparison with KFe3(SO4)2(OH)6 bulk, the slope of the plot from 
KFe3(SO4)2(OH)6@rGO hybrid is increased distinctly at the low-frequency range, suggesting that Rct 
of KFe3(SO4)2(OH)6@rGO composite is much lower than that of KFe3(SO4)2(OH)6 bulk. To evaluate 
electrochemical kinetics of these electrodes, the Li-ion diffusion coefficients in different electrodes are 
calculated using the equation D = 0.5(RT/n2F2AσC)2, where R is the gas constant, T is the temperature, 
A is the area of the electrode surface, F is Faraday’s constant, and C is the molar concentration of Li 
ions. The calculated lithium diffusion coefficient values for monocrystalline KFe3(SO4)2(OH)6-
nanoplates@rGO hybrid and bulk KFe3(SO4)2(OH)6 are 1.35 × 10-10 and 2.34× 10-11 cm2/s, respectively. 
It can be seen that the lithium diffusion coefficient of monocrystalline KFe3(SO4)2(OH)6-
nanoplates@rGO hybrid is approximately one order of magnitude higher than that of bulk 
KFe3(SO4)2(OH)6. Moreover, after 300 cycles, KFe3(SO4)2(OH)6 bulk shows the increased RΩ resistance 
to 600 Ω and the obvious decrease of the slope of the slanted line in the low-frequency region, indicating 
the increased Ohmic resistance of the electrode and charge transfer resistance. In comparison, 
KFe3(SO4)2(OH)6@rGO composite shows a RΩ resistance slightly decreased to 52.0 Ω and the closed 
slope of the slanted line with before, indicating stable kinetics of the electrochemical reaction. 
Furthermore, ex-situ SEM images of the electrode after 300 cycles are taken to investigate its stability 
and integrity upon cycling. Figure 8 shows SEM images of the KFe3(SO4)2(OH)6 @rGO composite and 
KFe3(SO4)2(OH)6 bulk electrode after 300 cycles. It can be seen that the oxide nanoplates in the 
KFe3(SO4)2(OH)6@rGO hybrid sample maintain their hexagonal morphology perfectly and remain 
firmly attached to the reduced graphene sheets instead of disintegrating and pulverizing even after 300 
cycles. In comparsion, though the shape of KFe3(SO4)2(OH)6 bulk is preserved after 300 cycles when 
cycled at 2 C, the size of the bulk is significantly reduced, possibly caused by severe pulverization 
during cycling. Some small impurity particles around the monocrystalline KFe3(SO4)2(OH)6 nanoplates 
are also observed and they are considered as carbon black particles and binder. 
 
 
Figure 2.7. AC impedance plots of monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and 
KFe3(SO4)2(OH)6 bulk before and after 300 cycles at 2 C. 
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Figure 2.8. SEM image of (a) monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and 
KFe3(SO4)2(OH)6 bulk after 300 electrochemical cycles at 2 C.  
 
Based on the results above, the high capacity as well as excellent rate capability and good cycling 
stability of KFe3(SO4)2(OH)6@rGO composite are attributed to the following reasons. First, direct 
growth of monocrystalline KFe3(SO4)2(OH)6 nanoplates on the single-layer graphene sheets ensures 
chemical bonding between the active nanomaterials and the conducting graphene network, and thus 
facilitates efficient charge transport since charge carriers can be conducted back and forth from the 
monocrystalline KFe3(SO4)2(OH)6 nanoplates to the current collector effectively and rapidly through 
the highly conducting single-layer graphene network. Moreover, monocrystalline KFe3(SO4)2(OH)6 
nanoplates directly grown on the graphene sheets are well-dispersed via graphene-nanoplates 
interaction, efficiently avoiding aggregation and benefiting the rate capability and cycling life of the 
oxide. In addition, compared with the micron-sized bulk counterpart, the two-dimensional nanoplates 
provide many more active reaction sites for the intercalation and deintercalation of lithium ions and 
much shortened distance for lithium ions diffusion and electron transportation, and thus significantly 
improves the rating capability of the electrode. 
In comparison with KFe3(SO4)2(OH)6-based cathodes reported previously, [25, 26, 45] 
KFe3(SO4)2(OH)6@rGO composite in this work shows significantly prolonged cycling performance and 
improved rate capability, when cycled at 10 C and even at a rate as high as 20 C. Additionally, compared 
to syntheses of popular cathodes such as LiFePO4 [46] and LiMn2O4, [47] jarosite KFe3(SO4)2(OH)6@rGO 
composite can be obtained via a facile low-cost solution-phase oxidization process without using any 
high-temperature sintering, which is ideal for large-scale production.  
 
2.4. Conclusion 
 
    A simple and scalable approach is developed to synthesize monocrystalline 
KFe3(SO4)2(OH)6-nanoplates@rGO hybrid via solution-phase oxidization process at elevated 
temperature. With single-layered graphene sheets as structure-directing agents and growth 
platforms, monocrystalline KFe3(SO4)2(OH)6 nanoplates with well-defined hexagonal shapes 
are directly grown on the reduced graphene sheets. Because of the unique structure of 
KFe3(SO4)2(OH)6-nanoplates@rGO hybrid and the bonding between KFe3(SO4)2(OH)6 and rGO 
that provide high surface area, efficient charge transport pathways and excellent structural 
flexibility for accommodating volume change during cycling, the as-prepared monocrystalline 
KFe3(SO4)2(OH)6-nanoplates@ rGO hybrid show significantly improved rate capability and 
long cycling life compared to micron-sized KFe3(SO4)2(OH)6 aggregates synthesized without 
graphene. When the charge/discharge rate is as high as 10 C, the monocrystalline 
KFe3(SO4)2(OH)6-nanoplates@rGO hybrid exhibits a high reversible capacity of 70.7 mAh/g 
after 300 cycles. In addition to the earth-abundant resources of KFe3(SO4)2(OH)6, the 
monocrystalline KFe3(SO4)2(OH)6-nanoplates@rGO hybrid prepared via such a simple and 
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cost-effective synreport process demonstrates excellent electrochemical performance and will 
thus be a promising cathode material for large-scale energy storage systems. 
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CHAPTER 3. Nanowires of Spinel Cathode Material for Improved Lithium Ion 
Storage3 
  
3.1. Introduction 
 
As described in Chapter 2, single-layered graphene sheets can serve as growth platforms and ideal 
structure-directing agents to synthesize KFe3(SO4)2(OH)6-nanoplates@rGO hybrid with uniform 
composition and desirable electrochemical properties as cathode for lithium ion batteries. In chapter 3, 
we synthesized another cathode, spinel-structured LHMNCO TBA nanowires using an electrospinning 
method followed by facile ion-exchange promoted phase transition. 
    The fast increasing demand for high-power and high-efficient energy system, has stimulated 
continuous research in energy storage devices.[1] Since invented in 1991, lithium ion batteries (LIBs) 
have attracted tremendous attention and gradually dominated the energy supply market for portable 
electronic devices, owing to their advantages of long cycle life, high efficiency in energy delivering, 
environmental friendly as well as light weight.[2, 3] Up to date, practical applications of LIBs are still 
hindered by the limited capacity, energy densities and cycle stability from expanding to broader 
applications, such as stationary energy storage, cost-effective HEVs and EVs.[4, 5] Tremendous 
progress has been achieved on obtaining various alternative anode materials with large capacity, such 
as nanoscale silicon/tin-based composites,[6, 7] nitrogen-doped carbon [8] and transition metal 
oxides/sulfides, [9] etc. These materials have demonstrated larger specific capacities as well as superior 
rate capability than current commercial graphite anodes. [10] However, cathode materials usually 
supply much lower specific capacity and exhibit worse rate capability than those of anodes and are more 
crucial to the capacity of the full battery. Therefore, it is significant to develop novel cathode materials 
with high-performance to meet the increasing demands.  
    Recently, various materials have been exploited as novel cathodes for LIBs, such as polyanionic 
compounds (Li3V2(PO4)3, LiFePO4),[11, 12] transition metal oxides (V2O5, MoO3)[13, 14] and layered 
LiMO2 (M = Co, Ni, Mn,) composite materials.[15] Among them, the emerging Li-rich manganese 
layered oxides have attracted more and more interest since they have a very large reversible theoretical 
capacity of about 250 mAh/g accompanying with high operating voltage for 3.5 V vs. Li/Li+.[16-18] 
Moreover, the Li-rich manganese layered oxides also exhibits remarkable thermal and electrochemical 
stabilities.[19] Therefore, Li-excess layered oxides are expected to satisfy the requirements of future 
energy storage systems because of their high power density and energy density.[20, 21] One of the 
typical examples is Li-excess ternary manganese-nickel-cobalt oxide, which is composed of excess 
lithium ions and three common transition metals with the general formula of Li[LixM]O2 (M = Mn, Ni, 
and Co). For example, Li[Li0.2Mn0.54Ni0.13Co0.13]O2 (marked as LMNCO) has a very high theoretical 
specific capacity of 321 mAh/g with a broad voltage range from 2.0 to 4.8 V, which is much larger than 
that of current commercial cathode material LiCoO2 (140 mAh/g). For a long time, LMNCO suffers 
from the problems of low rate capability and poor capacity retention resulted from serious irreversible 
oxygen loss during cycling. Over the years, much endeavor has been devoted to boosting the 
electrochemical performance of layered oxide systems. Currently, the most widely used strategies are 
nanostructure design and crystalline structure modification. For instance, as reported by Sun et.al., at 
the specific current of 6 C for 50 cycles, Li[Li1/3-2x/3NixMn2/3-x/3]O2 nanoplates can still maintain a specific 
capacity of 197 mAh/g, which is far larger than that of the LNMO particles (40 mAh/g).[22] This work 
proves that nanostructure design can improve the rate capability of active material due to the short ion 
transportation of nanostructure as well as large specific surface area. Among various nanostructures, 1-
D nanowire is a very attractive morphology because its nonwoven fabric morphology constructed by 
the crystalline nanowires can restrain the aggregation and growth of grains at high sintering temperature. 
The potential barrier among the nanosize grains can be overcome to reduce the electronic resistance 
among the nanosize grains. [23] In addition, the stress of the Jahn-Teller distortion of spinel-structured 
LHMNCO TBAnanowires can also be effectively released due to the facile strain relaxation. [24-26]  
                                                          
3 This chapter 3 previously appeared as W. W. Xu, Y. Wang, Nanowires of spinel cathode material for improved lithium-ion 
storage. Ionics. 2018, 24, 2523-2532, It is reprinted by permission of Springer Nature. 
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    Nanostructure design alone is not enough to overcome the low capacity retention of LMNCO, which 
is resulted from continual and inevitable layer to spinel phase transformation during cycling. As 
reported in literature, there are two components in the LMNCO, the layered lithium-inactive Li2MnO3 
and the layered lithium-active LiMn1/3Ni1/3Co1/3O2 with a molar ratio of 1:1. [27] During the delithiation 
and lithiation process, layered Li2MnO3 gradually converts into numerous spinel grains, which are 
integrated in an amorphous matrix. Simultaneously, the structure of LiMn1/3Ni1/3Co1/3O2 rearranges by 
the migration of transition metal ions into the layers of lithium ion. [28, 29] The formed spinel grains 
may contribute to the rate capability, because of their facile lithium ion diffusivity and higher electronic 
conductivity. However, the formation process of spinel structure during cycling smashes the layered 
lattice and generates strains, resulting structural instability, low coulombic efficiency and poor 
electrochemical reversibility. Various methods have been reported to avoid the irreversible capacity 
loss and to further improve the cycling life of LMNCO, such as doping,[30] surface modification,[31] 
and phase transformation.[20] Recently, an ion-exchange promoted phase transition for LMNCO 
materials has been reported by Zhao et al..[20] At the specific current of 1 C for 100 cycles, the 
transformed Li4Mn5O12-type spinel cathode material can provide a specific capacity as large as 197.5 
mAh/g with excellent reversibility, demonstrating remarkably improved rate capability and prolonged 
cycling life. This result proves that phase transition is an effective way to enhance performance of 
ternary cathode materials.  
Herein, we design and synthesize Li-excess spinel cathode nanowires, to combine the merits of 
excellent structural stability of Li4Mn5O12 and facile stress release of the Jahn-Teller distortion during 
cycling owing to its 1D nanostructure. [32] The overall synreport strategy is schematically illustrated 
in Figure 1. In step I, nanowires are prepared by an electrospinning process of the precursor solution. 
In step II, layered Li[Li0.2Mn0.54Ni0.13Co0.13] O2 nanowires are synthesized via two steps of heat 
treatment. In step III, the Li4Mn5O12-type spinel nanowires are obtained by ion-exchange promoted 
phase transition. There are several unique properties of LMNCO spinel nanowires as the cathode 
material for LIBs: (1) owing to the very large specific surface area, 1D LMNCO spinel nanowires, can 
provide shorter diffusion length and more active reaction sites. (2) The facile strain relaxation in the 
nanowires allows them to increase in diameter without breaking, leading to excellent mechanical 
integration during lithiation/delithiation. Moreover, the 1D LMNCO spinel nanowires, which are 
assembled by small nanoparticles can effectively prevent the aggregation of nanoparticles. (3) The 
LMNCO spinel phase can realize better rate capability and cycling stability. In addition, by using time-
resolved in situ X-ray diffraction (XRD) characterizations, we further investigate the crystalline 
stability of LMNCO spinel nanowires during long electrochemical cycling. As far as we are concerned, 
this work is the first effort to achieve nanowires of Li-excess spinel cathode material. In this structure, 
the merits of stable LMNCO spinel phase can be effectively combined in 1D nanowires with high 
specific surface area, yielding a cathode material with improved rate capability and long cycling life. 
Therefore, it is anticipated that the as-prepared Li-excess spinel cathode nanowires would display 
excellent rate performance and prolonged cycling life. 
 
3.2. Experiments 
 
All the raw materials are purchased from Alfa Aesar. 
 
3.2.1. Synreport of layered LMNCO nanowires: 
 
The 1D LMNCO nanowires were synthesized by the combination of electrospinning and a subsequent 
sintering treatment. For a typical synreport, polyvinyl pyrrolidone (PVP, MW=36000, 2 g), 
Co(CH3COO)2•4H2O (0.0324 g), Ni(CH3COO)2•4H2O (0.0323 g), Mn(CH3COO)2•4H2O (0.1323 g) 
and LiCH3COO•2H2O (0.079 g) were dissolved in 15 ml dimethyl-formamide with stirring for 6 h at 
room temperature. A brown solution with certain viscosity was obtained. Then, electrospinning was 
conducted with a constant flow rate of 0.3 mL/h. The spinning voltage was set at 17 kV, and the distance 
between the spinneret and collector was 18 cm. Finally, the as-prepared nanofibers were initially 
annealed at 300 °C for 2 h and then treated at 750 °C for 8 h in air with the heating rate of 2 °C/min.  
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3.2.2. Ion Exchanges in layered LMNCO nanowires:  
 
The H+-Li+ cation exchange of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 nanowires was conducted in aqueous 
HCl solution. 200 mg Li[Li0.2Mn0.54Ni0.13Co0.13]O2 nanowires were dispersed in 150 ml 2 M HCl 
solution, followed with stirring at room temperature for 10 days. Afterwards, the obtained brown 
powder was collected by centrifugation. The TBA+-H+ cation exchange was performed by employing 
aqueous TBAOH solution. The obtained brown powder was dispersed into a 30 mL TBAOH solution, 
followed with vigorous stirring for 1 hour. The resulting products were collected via centrifugation, 
rinsed with deionized water and ethanol for several times and dried at 80 °C overnight. After that, the 
ion-exchanged derivative was dispersed in a crucible, heated to 500 °C with a heating rate of 1 °C/min, 
and kept at that temperature for 3 h in the furnace.  
 
3.2.3. Characterization:  
 
    Crystallographic features of the synthesized products were characterized by Rigaku MiniFlex X-ray 
diffraction (XRD) measurement with Cu X-ray source. The diffraction data were collected in the 2θ 
range of 10-80° at a scan rate of 1° min−1. Field emission Scanning electron microscope (FESEM) 
images, and energy dispersive spectroscopic (EDS) were collected by using a FEI Quanta 3D FEG. 
Transmission electron microscopic (TEM) images, and high-resolution transmission electron 
microscopy (HRTEM) were taken using a JEOL HRTEM (JEM-1400 electron microscope) with an 
acceleration voltage of 120 kV. The in situ XRD patterns of the samples were obtained with a D8 
DISCOVER X-ray diffractometer, using Cu Kα radiation (λ = 1.5418 Å). For in situ XRD measurement, 
the as-prepared electrode was placed right behind an X-ray-transparent beryllium window which is also 
acted as a current collector. The in situ XRD signals were collected using the planar detector in a still 
mode during forty electrochemical cycles with voltage range of 2-4.8 V (versus Li+/Li). 
 
3.2.4. Electrochemical Measurements: 
 
    The cathode was composed of the as-prepared LMNCO based material (layered LMNCO nanowires, 
Li4Mn5O12-type spinel nanowires), carbon black and polytetrafluoroethylene (PTFE) mixture with a 
weight ratio of 7:2:1. The cathode was assembled into CR2032 coin cells in glove-box filled with pure 
argon. The counter electrode was the lithium foil and the electrolyte was 1 M solution of LiPF6 in 
ethylene carbonate (EC) and dimethyl carbonate (DMC) and diethylcarbonate (DEC) at a volumetric 
ratio of 1:1:1. Celgard-2320 membrane was used as separator. The batteries were aged for 24 hours to 
ensure full filtration of the electrolyte into the electrodes. Galvanostatic charge/discharge measurements 
were conducted in a voltage range of 2-4.8 V (versus Li+/Li) with an eight-channel battery analyzer 
(MTI Corporation). Cyclic voltammetry (CV) and AC-impedance spectra were performed by using an 
electrochemical work station (CHI 6504C). 
 
3.3. Results and Discussion 
 
Figure 3.1. Schematic illustrations showing the synreport process of preparation of spinel LHMNCO 
TBA nanowires. 
 
The schematic illustration of the chemical reaction during synreport procedure is displayed in Figure 
1. In the first step, LMNCO nanowires are protonated in aqueous HCl solution, in which Li+ ions are 
partially substituted by H+ ions. This protonation process is the prerequisite for the following ion-
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exchange step, which induces a detectable spinel phase transformation in a predominant layered crystal. 
The second ion exchange was performed in TBAOH solution, in which H+ ions in the layered 
intermediate LMNCO nanowires are further replaced by larger TBA+ cations. And the intercalation of 
TBA+ into the interlayer space, leads to expanded interlayer space. Such expanded layered structure 
contributes to the favorable generation of lithium ion vacancies and subsequent displacement of 
transition metal cations after the removal of TBA+ via calcinations in air, and thus leads to a complete 
layered-to-spinel phase transition. The larger TBA+ cations further induce the transformation of layered 
phase into spinel phase during sintering at 500 °C in air.  
 
Figure 3.2. XRD patterns of (a) layered Li[Li0.2Mn0.54Ni0.13Co0.13]O2 nanowires and (b) spinel 
LHMNCO TBA nanowires 
 
 
Figure 3.3. SEM images of (a) as-electro-spun nanofibers, (b) nanofibers after sintered at 300 °C for 2 
h, (c) layered LMNCO nanowires, (d) spinel LHMNCO TBA nanowires; and (e) EDS mapping of 
spinel LHMNCO TBA nanowires. 
 
To investigate the phase transformation from layered Li-excess LMNCO to spinel-structured 
LHMNCO TBA nanowires, the crystal structure of these two nanowires is determined by XRD. Figure 
2a and 2b display ex-situ XRD patterns of layered Li-excess LMNCO as well as ion-exchange promoted 
spinel-structured LHMNCO TBA nanowires. From Figure 2a, pristine LMNCO shows typical XRD 
peaks, exhibiting the intergrowth of monoclinic Li2MnO3 with C2/m symmetry and rhombohedral 
LiMn1/3Ni1/3Co1/3O2 with R-3 m symmetry in an ordered layered crystal structure. The coupled peaks at 
2 θ = 64°-66° are the characteristic of LiMn1/3Ni1/3Co1/3O2, which is the predominant layered crystal 
component. The integration of rhombohedral LiMn1/3Ni1/3Co1/3O2 and monoclinic Li2MnO3 are deduced 
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from the following three peaks at 2 θ = 18.7°, 36.9°, and 44.5°. These three peaks merge the diffraction 
effects from (001)M/(003)R, (200)M/(101)R, and (202)M/(104)R, respectively. Figure 2b shows the XRD 
pattern of the spinel-structured LHMNCO TBA nanowires. In comparison with the pattern of layered 
Li-excess LMNCO, it is found that the separated couple peaks at 64-65° are merge into one (440) peak, 
indicating a complete layer to spinel phase conversion. The as-prepared product can be indexed as a 
spinel Li4Mn5O12 phase with an Fd-3 m space group instead of usual LiMn2O4-type spinel due to 
different characteristic XRD peak positions at higher diffraction angles. [20] 
 
Figure 3.4. The HRTEM image and SAED patterns (inset) of (a) layered LMNCO nanowires (b) spinel 
LHMNCO TBA nanowires. 
 
SEM and EDS are used to characterize the morphology and elementary composition of the samples, 
as displayed in Figure 3. Figure 3a-d show the SEM images of electrospun nanofibers before sintering, 
nanofibers after sintering at 300 °C, layered Li-excess LMNCO nanowires and spinel-structured 
LHMNCO TBA nanowires, respectively. As observed clearly in Figure 3a, the electrospun nanofibers 
are smooth and uniform before annealing. The diameter of electrospun nanofibers is about 150 nm. 
Notably, after sintering at 300 °C for 2 hours, electrospun nanofibers shrink due to the decomposition 
of PVP (Figure 3b). After sintering at 750 °C for 8 hours, the as-prepared layered Li-excess LMNCO 
inherits the nanowire-in-network morphology. As displayed clearly in the inserted high-magnification 
SEM image in Figure 3c, the layered Li-excess LMNCO nanowires are composed of small 
interconnected nanoparticles. After ion exchanges in layered LMNCO nanowires, the obtained spinel-
structured LHMNCO TBA nanowires maintain the nanowire-in-network morphology (Figure 3d). 
Moreover, the elemental distribution of spinel-structured LHMNCO TBA nanowires is clearly 
confirmed by the EDS mappings. As shown in figure 3c, the Mn, Ni, Co and O signals for spinel-
structured LHMNCO TBA nanowires, are overlapped uniformly across the entire sample, indicating 
uniform formation of the spinel-structured LHMNCO TBA nanowires. In addition, the elemental 
information of spinel-structured LHMNCO TBA nanowires has been added in Table S1.  It is found that 
the elemental ratio of Ni:Co:Mn:O is 1:0.70:4.66:6.50 in the spinel-structured LHMNCO TBA 
nanowires. Cobalt and nickel loss can probably be attributed to dissolution during acid leaching. The 
H+-Li+ ion exchange or the formation of Li2O may cause an internal redox reaction on the transition 
metal sites and dissolution of the transition metals as an oxide for charge compensation.  To further 
identify the nanostructure and crystallographic information of spinel-structured LHMNCO TBA 
nanowires, TEM and HR-TEM coupled with electron diffraction characterizations are carried out. 
Figure S1 presents the TEM image of spinel-structured LHMNCO TBAnanowires, confirming the 
nanowires are assembled with small nanoparticles with average diameter of 80 nm. Meanwhile, 
HRTEM images of monocrystalline layered LMNCO and spinel-structured LHMNCO TBAare shown 
in Figure 4a and b, respectively. Figure 4a reveals lattice fringes with spacings of 0.47 nm, 
corresponding to (003) planes of layered LMNCO. The SAED pattern (inset in Figure 4a) is well 
indexed as a monocrystalline layered LMNCO phase. The HRTEM image of spinel-structured 
LHMNCO TBAnanowires in Figure 4b reveals lattice fringes with spacing of 0.28 nm, corresponding 
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to (220) plane of spinel-structured LHMNCO TBA nanowires. The SAED pattern (inset in Figure 4b) 
reveal the pure spinel phase of the phase transformed LMNCO nanowires. 
 
Figure 3.5. (a) CV curves at a scan rate of 0.1 mV/s, (b) charge/discharge profiles at 0.1 C, (c) cycling 
performance at 0.5 C, and (d) rate performance at specific currents ranged from 0.1, 0.2, 0.5, 1, 2 to 0.5 
mA/g 
 
In order to evaluate electrochemical performances of the as-prepared samples, coin cells of layered 
LMNCO nanowires and spinel-structured LHMNCO TBA nanowires are assembled to investigate in a 
voltage range of 2-4.8 V (versus Li+/Li). Figure 5a summarizes cycling performances of layered 
LMNCO nanowires and spinel-structured LHMNCO TBA nanowires respectively at a specific current 
of 0.5 C. As shown in Figure 5a, the initial discharge specific capacity of layered LMNCO nanowires 
and spinel-structured LHMNCO TBA nanowires are 280 and 210 mAh/g respectively. The higher initial 
capacity of layered LMNCO nanowires attributes to more lithium storage sites in the layered phase. 
After 100 electrochemical cycles, spinel-structured LHMNCO TBA retains a capacity of 190 mAh/g, 
resulting the capacity retention ratio of 90.5%, demonstrating enhanced discharge capacity and 
outstanding cycling stability. In contrast, drastic capacity fading is observed for layered LMNCO 
nanowires. After 100 cycles, layered LMNCO nanowires maintain only 137 mAh/g, corresponding to 
a capacity retention ratio of only 48.9 %. To analyze the electrochemical reaction of two samples, 
charge-discharge profiles and CV curves have been test and added in Figure 5b, 5c and S2. As the CV 
curves shown in Figure 5b, in the first cathodic scan, two small peaks at around 2.9 V and 4.8 vs. Li/Li+ 
are ascribed to the oxidation of Mn2+ and Ni2+ ions and the simultaneous removal of lithium ions. During 
the following anodic/cathodic scan, the predominant redox pair, displays an anodic peak at 3.02 V and 
cathodic peak at 2.48 V, which are attributed to oxidation and reduction of Mn3+/Mn4+ in spinel-
structured LHMNCO TBA nanowires. Another two redox pairs, anodic peak at 4.00 V / cathodic peak 
at 4.01 V, and anodic peak at 4.70 V / cathodic peak at 4.50 V are ascribed to oxidation/reduction of 
Ni2+/Ni4+ and Co2+/Co4+, respectively. The galvanostatic charge/discharge curves in Figure 5c display 
predominant charge and discharge voltage plateaus at 2.7 V and 2.5 V, respectively, which coincide with 
CV curves in Figure 5c. Moreover, spinel-structured LHMNCO TBA nanowires deliver a charge 
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capacity of 270 mAh/g and charge capacity of 250 mAh/g in the 1st cycle at a current density at 0.1 C. 
Charge-discharge profile of layered LMNCO nanowires in Fig. S2 shows smoothly sloping voltage 
curves, which are consistent with the corresponding CV peaks in Figure S2a. After initial charging 
process, layered LMNCO nanowires reveal predominant discharge voltage plateaus at 3.2-3.6 V and 
can deliver a discharge capacity of 260 mAh/g in the 1st cycle at a current density at 0.1 C.  The rate 
performances of these two samples are summarized in Figure 5d. Spinel-structured LHMNCO TBA 
nanowires deliver a discharge capacity of 270, 246, 230, 195, and 162 mAh/g at a specific current of 
0.1, 0.2, 0.5, 1 and 2 C, respectively. When the specific current goes back from 2 C to 0.5 C, the 
discharge capacity of spinel-structured LHMNCO TBA nanowires is recovered to 228 mAh/g, showing 
better rate capability than layered LMNCO nanowires.  
 
Figure 3. 6. EIS spectra of (a) layered LMNCO nanowires (b) spinel LHMNCO TBA nanowires at the 
1st, 30th, 60th, 90th and 120th cycle. 
 
To investigate the change of electrochemical kinetics of layered LMNCO nanowires during cycling, 
EIS technology is employed. In the Nyquist plots, RΩ represents the Ohmic resistance of the battery 
cell, including electrodes, electrolyte and other cell components. Rct represents the charge transfer 
resistance. CPE and Zw are the double layer capacitance and the Warburg impedance, respectively. The 
Nyquist plots of all the three electrodes are composed of a depressed semicircle in the medium-
frequency region followed by a slanted line in the low-frequency region. As shown in Figure 6a, the 
layered LMNCO nanowires show the resistance of 150 Ω at initial cycle and 200 Ω at the 120th cycle. 
The increase of the Ohmic resistance indicates the deteriorated kinetics of the electrochemical reaction 
after cycling. Moreover, the values of Rct at the first, the 30th, the 60th, the 90th and the 120th cycles 
also show gradually decreased tendency, indicating the increased charge transfer resistance with the 
increase in cycle numbers. This is due to the phase transformation, lattice break down, and possible 
deteriorated interface between electrode and electrolyte that impedes the reversible 
intercalation/deintercalation of lithium ions. Figure S3 shows the CV profiles of the layered LMNCO 
nanowires of the initial cycle, the 2nd cycle, the 30th cycle, the 60th cycles, the 90th cycle and the 120th 
cycle at a scan rate of 0.1 mV/s. As shown in Figure S3, the intensity of cathodic peak at around 4.8 V 
gradually decreases during cycling, indicating the continuous loss of oxygen and lithium with increased 
cycles. In addition, the discharge curves show obvious voltage decay. The prominent cathodic peak 
decreases from 3.3 V at the initial cycle to 2.4 V at the 120th cycle, revealing gradually transformation 
from layered structure to spinel-like structure during cycling. Figure S4 presents the charge-discharge 
profile of spinel-structured LHMNCO TBA nanowires at 3rd, 60th and 120th cycle. The stable potential 
plateaus confirm the stable crystal structure of spinel-structured LHMNCO.  Theoretically, spinel-
structured LHMNCO TBA provides more pathways for the transportation of lithium ions, as confirmed 
by the EIS results in Figure 6b. Compared to the significantly increased Ohmic resistance of layered 
LMNCO nanowires after cycling, spinel-structured LHMNCO TBA shows a resistance of 130 Ω at 
initial cycle and 150 Ω at the 120th cycle, indicating the lower resistance and stable kinetics of the 
electrochemical reaction after cycling. Additionally, in comparison with decreased tendency of Rct of 
layered LMNCO nanowires, the slope of the plot from spinel-structured LHMNCO TBA nanowires is 
high and maintained well after cycling, suggesting much lower Rct value and enhanced ion diffusion 
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kinetics of stable spinel-structured LHMNCO TBA than that of layered LMNCO nanowires. The high 
conductivity and improved ion diffusion of spinel-structured LHMNCO TBA nanowires is attributed to 
the following factors. First, the efficient 3D Li+ diffusion channels in the spinel-structured LHMNCO 
TBA structure boost the Li+ diffusion rate. In addition, nanowires can restrain the aggregation and grain 
growth at high temperature, leading to high surface area with short pathway for the transport of lithium 
ions. Finally, the electronic resistance is decreased due to the lower barrier among the nanosize grains. 
[33] 
In addition, compared with most recently reported ternary nanostructured cathode materials (as 
shown in Table S1),[34-36] our work demonstrates significantly prolonged cycling life and improved 
discharge capacity. For example, Wang et al. reported that the Li1.131Mn0.504Ni0.243Co0.122O2 cathode 
materials can supply only 155.9 mAh/g after 50 cycles at a specific current of 200 mA/g, maintaining 
only 78.8% of the initial specific capacity (197.8 mAh/g).  Moreover, Tu et al. synthesized ball-like 
LiMn0.4Ni0.4Co0.2O2 cathode materials. The LiMn0.4Ni0.4Co0.2O2 nanospheres can supply only 180 
mAh/g at the specific current of 0.5 C, and maintain only 80% of the initial capacity after 50 cycles at 
5 C. Our spinel-structured LHMNCO TBA nanowires maintain a capacity of about 200 mAh/g after 
100 cycles at 0.5 C with a capacity retention ratio of 90.5%, exhibiting high capacity and excellent 
cycling reversibility.  
In situ XRD is an emergent and effective tool for exploring the stability of battery electrode by 
continuously examining the diffraction peaks of the electrode material and any changes during 
electrochemical cycling. This technique together with HR-TEM was used to find that layered LMNCO 
suffers from capacity degradation and structural instability during cycling, as reported in literature.37-38 
For instance, Daniel et al., reported that the cubic spinel planes of (440) appeared during the discharging 
process of the layered cathode, revealing a layer to spinel phase transformation in the lattice, which is 
believed to contribute to the structural instability in subsequent cycling.34 Moreover, Hwang et al. found 
cracks and pores in the layered nanoparticles after cycling via HRTEM imaging. The layered-to-spinel 
phase transition produces large lattice strain, leading to the breakdown of the parent lattice.38 In this 
work, we use in-situ XRD to investigate the crystal structural stability of spinel-structured LHMNCO 
TBA nanowires, and the results are presented in Figure 7. In Figure 7, three peaks at 2θ = 59.5°, 61.7°, 
84.2° represent (511), (440), (444) crystal planes in the cubic spinel phase. It can be clearly seen that 
these peaks are stable during long cycling test, indicating the robust crystal structure of spinel-structured 
LHMNCO TBA nanowires and demonstrating it is a superior LIB electrode material compared to the 
layered cathode with poor stability. 
  
Figure 3.7. In situ X-ray diffraction patterns of spinel LHMNCO TBA nanowires at a current density 
0.5 C. The horizontal axis represents the selected 2θ regions from (a)15-45°, (b) 55-85°. (c) The 
corresponding cycling curves. 
 
3.4. Conclusion 
 
In summary, this work has demonstrated a simple and controllable approach for fabricating novel 
spinel-structured LHMNCO TBA nanowires via the electrospinning method followed by facile ion-
exchange promoted layered-to-spinel phase transition. For comparison purpose, the layered LMNCO 
nanowires are obtained as well and are found to suffer from structural instability, i.e., irreversible 
layered-to-spinel phase transition during lithiation/delithiation, leading to dramatic loss of capacity and 
deteriorated electrochemical kinetics. The newly converted spinel-structured LHMNCO TBA 
nanowires exhibit significant improvements in electrochemical performance as LIB cathode material, 
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especially in capacity and cycling reversibility, as evidenced by its CV measurements and EIS plots, 
and further confirmed by in-situ XRD examination. Such improved performance of the spinel nanowires 
is attributed to their 1D nanostructure and transformed spinel phase, which not only shorten the lithium 
diffusion length and increase the lithium ion diffusivity, but also strengthen the structural stability. As 
such, the designed spinel-structured LHMNCO TBA nanowires prove to be a promising cathode 
material for application in advanced lithium ion batteries with high capacity, high rate capability and 
excellent stability. 
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CHAPTER 4. THREE-DIMENSIONAL CORAL-LIKE STRUCTURE CONSTRUCTED BY 
CARBON-COATED INTERCONNECTED MONOCRYSTALLINE SnO2 NANOPARTICLES 
WITH IMPROVED LITHIUM STORAGE PROPERTIES4 
 
4.1. Introduction 
 
    In Chapter 2-3, several strategies have been developed to synthesize different nanostructured materials to 
be applied as advanced cathode in lithium ion batteries. However, to realize high-performance full lithium 
ion batteries, advanced anode material with high properties is also indispensable. In Chapter 4-5, our 
research focus on anode materials. In chapter 4, we have fabricated a novel three-dimensional coral-
like SnO2/C composite through a top-down strategy followed by a sol-gel carbon coating method. The 
developed three-dimensional coral-like SnO2/C composite shows significantly improved 
electrochemical performances in terms of rate capability and cycling reversibility. 
    Recently, the fast-increasing energy demand for efficient, sustainable and environmentally-friendly 
energy storage devices has become a significant and challenging issue. [1-4] Lithium ion batteries (LIBs) 
have been widely used as commercial energy devices in portable electronics and also shown great 
promise in upcoming large-scale applications due to their advantages of environmental-friendly safety, 
high-efficiency and light weight. [5-7] However, to apply LIBs on large-scale machines, such as electric 
vehicle (EVs) and hybrid electric vehicles (HEVs), LIBs still need further improvement in capacity, 
energy density and stability. [8, 9] Significant improvements have been achieved by exploring new 
electrode materials with high capacity to replace current commercial graphite-based anode. Recently, 
SnO2-based nanostructured materials have received tremendous attention as anode materials in LIBs 
due to their large theoretical capacity of 781 mAh/g, which is much higher than that of current graphite 
anode (370 mAh/g). [10-17] Unfortunately, their practical applications in LIBs are still greatly hindered 
by their poor cycling stability and inferior rate capability due to severe electrode pulverizaiton and loss 
of interparticle contact caused by drastic volume expansion/contraction associated with the Li+ insertion 
and extraction process. [14, 18, 19]. 
    In the past few years, to solve the above-mentioned problem of SnO2-based electrode, many research 
efforts have been focused on fabricating various nanostructures with better structural stability, which 
can effectively accommodate the large volume changes upon cycling and shorten Li ion diffusion 
distance, thereby leading to increased reversible capacity and improved rate capability. [20-23] Among all 
these studies, two effective strategies have been widely practiced. One approach is fabricating low-
dimensional nano-structured (such as two-dimensional nanosheets, one-dimensional nanorods / 
nanotubes / nanowires and zero-dimensional nanoparticles) SnO2 to withstand mechanical strain during 
lithium ion insertion/desertion. [24-27] It is believed that low-dimensional SnO2, especially nanoparticles 
can interact with lithium ions more efficiently due to the large specific surface area and short pathways 
for electron and lithium ion transportation. For example, as reported by Pol et al., 9 nm SnO2 
nanoparticles exhibit substantially high specific capacity of 778 mAh/g at 0.1 C, which is very close to 
their theoretical discharge capacity of 781 mAh/g. [28] The other strategy is coating SnO2 with stable 
inactive component, such as amorphous carbon, as a physical scaffold to buffer the serious volume 
change and protect active materials from direct exposure to electrolyte. Due to better electrical 
conductivity, amorphous carbon is usually used as a passive agent and the carbon-coated SnO2 
demonstrates much better electrochemical performance. However, either strategy can only realize 
enhanced electrochemical performance of SnO2-based electrode in one aspect. Combination of the two 
strategies may alleviate the volume change during cycling and improve charge transport at the same 
time. Therefore, it would be meaningful to design and synthesize a novel SnO2/C nanostructure. 
In this work, we report a novel SnO2/C composite nanostructure, namely, three-dimensional coral-
like structures constructed by interconnected monocrystalline-SnO2/carbon nanoparticles prepared via 
a facile and scalable top-down approach followed by a sol-gel carbon coating method. The synreport 
procedure is mainly composed of four steps as illustrated in Figure 1. In step Ⅰ, SnS2 nanoflowers were 
                                                          
4 This chapter 4 previously appeared as W. W. Xu, X. D. Cui, Z. Q. Xie, G. Dietrich, Y. Wang, Three-Dimensional Coral-
Like Structure Constructed of Carbon-Coated Interconnected Monocrystalline SnO2 Nanoparticles with Improved Lithium-
Storage Properties. ChemElectroChem. 2016, 3, 1098-1106, It is reprinted by permission of John Wiley and Sons. 
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prepared by a facile solvothermal method. In step Ⅱ, the as-prepared SnS2 nanoflowers were annealed 
in air to form coral-like SnO2 nanostructures. In step Ⅲ, the coral-like SnO2 nanostructures were coated 
with poly-dopamine via one-step in-situ polymerization reaction of dopamine. Notably, as a nature-
inspired biomimetic material with functional groups of catechol and amine, dopamine can be utilized 
to deposit adhesive poly-dopamine film virtually on any surface by spontaneous oxidative 
polymerization. Compared with widely used graphene oxide (GO), [29-31] organic chemicals, [32] or 
polymer, dopamine is an excellent carbon source for surface modification because of the strong 
adhesion and controllable thickness of the resulted coating. In step Ⅳ, the coral-like SnO2/C 
nanoparticles were obtained after carbonization. In this structure, the core is coral-like SnO2 
nanostructure, with carbon shell uniformly coating on the surface. It is interesting to note that the coral-
like SnO2 nanostructure is composed of small nanoparticles subunit structure, which are interconnected 
by grain boundary and form the frame of the coral. There are several unique properties of coral-like 
carbon-coated SnO2/C nanoparticles as Li-ion battery anode material: (1) The zero-dimensional SnO2 
nanoparticles provide more active reaction sites and offer shorter diffusion pathways due to the large 
exposed surface area. (2) The coral-like interconnected nanostructure can effectively prevent 
aggregation of small nanoparticles. More importantly, the facile strain relaxation in the interconnected 
nanoparticles allows them to grow without cracking, and thus alleviates mechanical stress between 
nanoparticles during lithium ion insertion/ extraction. (3) The carbon layer serves as a protection shell 
for SnO2 nanoparticles to accommodate drastic volume variations and alleviate disintegration and 
pulverization during lithiation/delithiation. Furthermore, the interconnected nanoparticles and 
continuous carbon layer form an integrated electron transport, leading to facile reaction kinetics with 
faster switching speed. To our knowledge, it is the first report of achieving the coral-like structure 
constructed by interconnected monocrystalline-SnO2/C nanoparticles. 
 
4.2. Experimental Section 
 
4.2.1. Synreport of coral-like SnO2/C nanoparticles Composite Materials 
 
    In a typical experiment, SnCl4•5H2O (0.54 g) and thioacetamide (TAA) (0.49 g) were dissolved into 
30 mL isopropyl alcohol. After stirring for half an hour, the solution was transformed into a Teflon-
lined autoclave and heated at 180 °C for 24 h. After the autoclave was cooled to room temperature 
naturally, the precipitates of golden product (SnS2 nanoflowers) were collected by centrifuge and rinsed 
with deionized water and alcohol several times separately. Finally, the coral-like SnO2 was obtained by 
annealing SnS2 nanoflowers in air at 600 °C for 2 h with a heating rate of 2 °C min-1.  
    To fabricate carbon modified composite nanoparticles, dopamine (DPA) was used as carbon source. 
Typically, 100 mg coral-like SnO2 was added into a solution containing 2 mg/ml DPA and 10 mM 2-
amino-2-hydroxymethyl- propane-1, 3-diol (TRIS) in ice water bath. After sonication for 5 minutes, the 
mixture was stirred continuously for about 6 hours. Then the resultant precipitate was collected by 
centrifugation and washed with deionized water and absolute ethanol for several times and dried at 
70 ℃. Afterwards, the as-prepared SnO2/Poly-DPA was carbonized under N2 atmosphere at 600 ℃ for 
2 h with a heating rate of 2 ℃/min. 
 
4.2.2. Material characterizations 
 
    The crystallographic structures of these three samples were characterized by Rigaku MiniFlex X-ray 
diffraction (XRD) measurement with Cu Kα radiation in a 2θ ranging from 10° to 90° at room 
temperature. The microstructure, morphology and energy dispersive spectroscopic (EDS) were 
characterized by a FEI Quanta 3D FEG field emission scanning electron microscopy (FESEM). 
Brunauer–Emmet–Teller (BET) surface areas were determined by using Altamira AMI-200 system to 
investigate the adsorption of nitrogen. X-ray photoelectron spectroscopy (XPS) was carried out by an 
AXIS165 spectrometer using a twin-anode Al Kα (1486.6 eV) X-ray source with the charge 
neutralization function being turned on. Transmission electron microscopic (TEM) images, high-
resolution transmission electron microscopic (HRTEM) images and selected area electron diffraction 
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(SAED) were recorded by using a JEOL HRTEM (JEM-1400 electron microscope) with an acceleration 
voltage of 120 kV. TG were performed on a SII STA7300 analyzer at a heating rate of 2 °C/min in air. 
 
4.2.3. Electrochemical Measurements 
 
The anode material was assembled into CR2032-type coins in the glove-box filled with pure argon 
gas, using lithium foil as the counter electrode and celgard-2320 membrane as separator. The electrolyte 
was 1 M LiPF6 dissolved in ethylene carbonate (EC), dimethyl carbonate (DMC) and diethylcarbonate 
(DEC) at a volumetric ratio of 1:1:1. The anode was composed of the as-prepared tin based material 
(SnS2 nanoflowers, SnO2 interconnected particles or coral-like SnO2/C) and carbon black as well as 
sodium alginate binder mixed at a weight ratio of 7:2:1 in deionized water followed by drying at 70 °C 
for 12 h. The assembled coins were aged for 24 h before electrochemical measurements to ensure full 
filtration of the electrolyte into the anode electrodes material. Galvanostatic charge/discharge 
measurements were performed using in a voltage range of 0.01 − 2.0 V (versus Li+/Li) with an eight-
channel battery analyzer (MTI Corporation). Cyclic voltammetry (CV) measurements were performed 
with an electrochemical workstation (CHI 6504C) at a scanning rate of 0.1 mV/s. The AC-impedance 
spectra were tested by applying an AC potential of 5 mV amplitude in the frequency range from 0.01 
to 100 kHz with CHI 6504C. 
 
4.3. Results and Discussion 
 
  
Figure 4.1. Schematic illustrations showing synthesis process of coral-like carbon-coated SnO2/C 
nanoparticles.   
 
    Figure 1 presents a schematic showing the overall synreport procedure and the corresponding 
structural changes between each step. To fabricate the coral-like SnO2/C composite, SnS2 nanoflowers 
are prepared using a solvothermal method with the precursors of tin chloride and thioacetamide, firstly. 
The formation mechanism of SnS2 nanoflowers may be attributed to the Ostwald ripening mechanism 
and self-assembly mechanism. [33] Then, different types of tin-based compounds were obtained via 
annealing in different atmosphere. After SnS2 nanoflowers were sintered in argon at 600°C for 2 hours, 
the uniform interconnected Sn2S3 nanoparticles are obtained (Figure S1). Meanwhile, when SnS2 
nanoflowers were sintered in air, SnS2 nanoflowers were oxidized into the interconnected SnO2 
nanoparticles via the following reaction: 
SnS2 + 3O2 (g) = SnO2 + 2SO2 (g)                                      (1) 
Owing to the gas emitting during this process, many interconnected pores are created in the 
nanoflowers, which lead to high surface area. As a result, more active sites and shortened lithium 
diffusion distance are provided. Additionally, such porous structure provides void for facile stress 
relaxation in lithium insertion/deinsertion. With the void space in it, the nanoflowers are converted to 
interconnected nanoparticles, while the resultant interconnected SnO2 nanoparticles still preserves the 
shape of nanoflowers, forming the coral-like interconnected SnO2 nanoparticles. Afterwards, the 
interconnected SnO2 nanoparticles were coated with uniform dopamine layer by in-situ polymerization. 
After sintering in nitrogen atmosphere at 600℃ for 2 h, the coral-like carbon-coated SnO2/C 
nanoparticles were obtained by carbonization of polydopamine. The crystal structures of SnS2 
nanoflowers and coral-like carbon-coated SnO2/C nanoparticles were determined by XRD, as shown in 
Figure 2a and b. It is found that the diffraction peaks of SnS2 nanoflowers can be identified as hexagonal 
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tin sulfide with the lattice parameters a=3.638 Å, b=3.638 Å, c=5.88 Å, P-3m1 space group, which is 
in good agreement with standard XRD patterns of hexagonal berndtite SnS2 (JCPDF card no.00-022-
0951). The diffraction peaks of coral-like SnO2/C nanoparticles can be well indexed to tetragonal SnO2 
with the lattice parameters of a = 4.7421 Å, b = 4.7421 Å, c = 3.1901 Å, P42/mnm space group, which 
matches well with standard XRD patterns of tetragonal rutile SnO2 (JCPDF card no. 01-77-0450). 
Thermogravimetry (TG) measurement was also performed to further investigate the oxidation degree 
of SnS2 and the content of carbon in the coral-like carbon-coated SnO2/C nanoparticles. Figure 2c 
displays the TG curves of SnS2 nanoflowers in air from 100 to 800℃. It can be seen that combustion 
of SnS2 nanoflowers starts at around 250℃ and is completed at approximately 425℃. The calculated 
weight loss of 23.04% is attributed to the oxidation process of SnS2 into SnO2 nanoparticles via reaction 
(1) above. Figure 2d reveals the TG curve of coral-like carbon-coated SnO2/C nanoparticles in air. It is 
found that combustion of carbon starts at about 300ºC and is completed at 450ºC, corresponding to a 
13.4% weight loss of carbon in the sample during the combustion. 
 
Figure 4.2. XRD patterns of (a) SnS2 nanoflowers, and (b) coral-like carbon-coated SnO2/C 
interconnected nanoparticles. TG analysis of (c) SnS2 nanoflowers and (d) coral-like SnO2/C 
nanoparticle 
 
Figure 3 presents SEM images of the as-prepared SnS2 nanoflowers, SnO2 interconnected 
nanoparticles, coral-like SnO2/C nanoparticles and its corresponding EDS mapping results. The low-
magnification FE-SEM image of SnS2 nanoflowers in Figure 3a reveals a flower-like morphology 
assembled by distinctive smooth nanosheets with lateral sizes of ~5 µm and thickness of about 10-20 
nm. The nanosheet morphology is mainly caused by intrinsic anisotropic growth of SnS2 crystals. With 
high uniformity and large lateral size as well as thin thickness, SnS2 nanoflowers can serve as the 
precursor for preparing interconnected SnO2 nanoparticles via sintering. After sintering SnS2 
nanoflowers in air at 600°C for 2 h, SnS2 nanoflowers are converted to interconnected SnO2 
nanoparticles. As shown in the low-magnification FESEM images of the resultant SnO2 nanoparticles 
(the inserted picture in Figure 3b), the flower-like morphology is preserved at a large scale. But unlike 
SnS2 nanoflowers, these “flowers” are composed of many interconnected nanoparticles, as revealed in 
Figure 3b. The diameter of these SnO2 nanoparticles is about 50 nm. All the nanoparticles are 
interconnected with each other, forming the the flower shape with self-organized SnO2 “nanosheets” at 
a micron scale. Figure S2 and Figure 3c display FESEM images of coral-like SnO2/ poly-DPA 
nanoparticles and coral-like SnO2/C nanoparticles, respectively. It is observed in Figure S2 that the 
uniform and smooth poly-DPA layer is coated on SnO2 nanoparticles coherently, which may be 
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attributed to the fact that DPA can be attached to many types of surfaces with strong interaction with 
the substrate. [33] After sintering in nitrogen at 600°C for 2 h, the poly-DPA layer was in-situ carbonized 
on the surface of SnO2 nanoparticles. The interconnected SnO2 nanoparticles were coated uniformly 
with carbon layers, forming a coral-like SnO2/C composite material. The EDS elemental mapping was 
performed on the coral-like SnO2/C sample of Figure 3d. The carbon signal from carbon layer, and the 
oxygen and tin signals from SnO2, are overlapped uniformly across the entire sample, indicating 
uniform carbon coating on the surface of SnO2 nanoparticles. Moreover, in order to examine and 
compare specific surface area of all the samples, the N2 adsorption −desorption measurements are 
performed. The coral-like SnO2/C composite material displays a BET surface area of 22.3 m2/g, higher 
than those of SnS2 nanoflowers (16.9 m2/g) and interconnected SnO2 nanoparticles (17.9 m2/g). 
 
 
Figure 4.3. SEM images of (a) SnS2 nanoflowers, (b) SnO2 interconnected nanoparticles, and (c) coral-
like carbon-coated SnO2/C interconnected nanoparticles, (d) EDS elemental mapping of C, Sn, and O 
from coral-like carbon-coated SnO2/C interconnected nanoparticles.  
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Figure 4.4. (a) XPS survey spectrum of coral-like carbon-coated SnO2/C interconnected nanoparticles. 
(b) C1s XPS spectrum, (c) Sn3d XPS spectrum, (d) Sn3d XPS spectrium of coral-like carbon-coated 
SnO2/C interconnected nanoparticles. 
 
    Figure 4 presents XPS spectra of the as-prepared coral-like SnO2/C nanoparticles. The XPS survey 
spectra in Figure 4a reveals the presence of tin, oxygen, nitrogen and carbon in coral-like carbon-coated 
SnO2/C interconnected nanoparticles. Figure 4b-d present the high-resolution XPS spectra of C1s, Sn3d 
and N1s, respectively. In Figure 4b, it can be seen that the C1s region exhibits three main contributions: 
the peak at 284.7 eV assigned to C–C sp2 (sp2-hybridized graphite-like carbon), the peak at 285.5 eV 
that belongs to C–C sp3 (hybridized diamond-like carbon), the peak at 284.7 eV indicating the presence 
of C–O bonds, which further confirms the adhesive carbon coating. In Figure 4c, it is understood that 
the final products give Sn 3d5/2 peak at 487.0 eV and Sn 3d3/2 peak at 495.5 eV, with energy difference 
of 8.5 eV, proving the existence of Sn4+. In Figure 4d, the high-resolution N1s spectrum is into two 
major components centered at 398.4 eV and 400.3 eV, respectively, corresponding to pyridinic nitrogen 
and pyrrolic nitrogen, confirming the presence of nitrogen in the carbon layer. Moreover, the nitrogen 
content on the surface of coral-like SnO2/C nanoparticles is calculated to be 9.48 wt% according to the 
X-ray photoelectron spectroscopy.These findings confirm that nitrogen from dopamine is doped into 
carbon during the synreport. According to the literature, [34, 35] N-doping can effectively enhance 
electrical conductivity of carbon coating, which facilites charge transport in the electrode. In order to 
further identify the hierarchical structure of the as-prepared samples, TEM and HR-TEM coupled with 
electron diffraction characterizations are carried out. Figure 5a presents a TEM image of SnS2 
nanoflowers, confirming they are composed of smooth nanosheets. The HR-TEM image of nanosheets 
in Figure 5b exhibits lattice fringes with different d-spacings of 3.16 and 5.89 Å, corresponding to the 
(100) and (001) planes of hexagonal SnS2 crystals. In addition, the TEM image of coral-like SnO2/C 
nanoparticles in Figure 5c reveals the coral-like morphology is composed of interconnected SnO2 
nanoparticles coated by a uniform carbon layer with a thickness of about 13 nm, confirming the 
hierarchical structure. The inserted low-magnification TEM image indicates that the whole SnO2 
interconnected nanoparticles framework is well coated with a carbon layer, forming an integrate coral-
like carbon-coated SnO2/C interconnected nanoparticles. The HRTEM image of coral-like SnO2/C 
nanoparticles in Figure 5d reveals lattice fringes in SnO2 nanoparticles with spacings of 3.35 and 3.21 
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Å, corresponding to (101) and (001) planes of tetragonal SnO2 crystal. Meanwhile, a SAED pattern of 
the same sample (inset in Figure 5c) is well indexed as a polycrystalline hexagonal SnO2 phase. 
 
 
Figure 4.5. (a) TEM image and (b) HRTEM image of SnS2 nanoflowers, (c) TEM image (Inset is SAED 
and TEM image in low magnification) and (d) HRTEM image of coral-like SnO2/C interconnected 
nanoparticles. 
 
To investigate electrochemical performances of all the samples, coin cells based on SnS2 nanoflowers, 
SnO2 interconnected nanoparticles, coral-like SnO2/C composite are cycled in a voltage range of 0.01 - 
2 V versus Li+/Li. The electrochemical reactions of SnO2 and SnS2 with lithium are described below: 
[28, 36] 
SnO2 + 4Li = 2Li2 O + Sn                                     (2) 
SnS2 + 4Li = 2Li2 S + Sn                                      (3) 
Sn + xLi+ + xe- = LixSn                                        (4) 
Reactions (2) and (3) are regarded partially reversible. Therefore, theoretical capacities of SnO2 and 
SnS2 are determined to be 782 and 650 mAh/g, respectively, based on reaction (4). Figure S3 and Figure 
6a show cyclic voltammorgram (CV) of SnS2 nanoflowers and coral-like SnO2/C composite in the first 
three consecutive cycles at a voltage range of 0.05 - 2 V vs. Li/Li+. The CV curves of SnS2 nanoflowers 
in Figure S3 exhibits three characteristic peaks at 1.7, 1.2 and 0.1 V in the first potential sweeping cycle, 
which are attributed to lithium intercalation of SnS2 layers without phase decomposition, decomposition 
of SnS2 into metallic Sn and Li2S (reaction 3) and generation of Li-Sn alloy, respectively. In subsequent 
cycles, the redox peaks at 0.1 V in the anodic reaction and at 0.6 V in the cathodic reaction can be 
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ascribed to the reversible alloying and dealloying reactions of Sn and Li (reaction 4), respectively. 
Figure 6a displays CV curves of coral-like SnO2/C nanoparticles, showing two characteristic peaks at 
0.9 and 0.1 V in the first potential sweeping cycle, which are ascribed to decomposition of SnO2 into 
metallic Sn and Li2O (reaction 2) and generation of Li-Sn alloy (reaction 4), respectively. It is noted 
that the decomposition reaction is partially reversible. In subsequent cycles, intercalation of lithium ions 
occurs at 0.1 V and deintercalation of lithium ions occurs at 0.5 V vs. Li/Li+, due to the 
alloying/dealloying reactions (reaction 4). Additional cathodic peak at 0.9 V and anodic peak at 1.3 V 
can be attributed to the partially reversible conversion process (reaction 2). And this cathode and anodic 
pair (0.1 V, 0.5 V) is much more pronounced than the second one (0.9 V, 1.3 V), confirming the major 
capacity contribution of the cell. Figure 6b shows the charge/discharge characteristics of coral-like 
SnO2/C nanoparticles between 0.01 and 2.0 V vs. Li/Li+ at a specific current of 100 mA/g. The first 
discharge and charge capacities of coral-like SnO2/C nanoparticles are about 1195 and 826 mA h/g. The 
potential plateaus at 1.3 and 0.9 V are ascribed to the conversion reaction (reaction 2) between SnO2 
and Li+, leading to the formation of Li2O and Sn in the first discharge process. The following profiles 
with long slope indicate generation of Li-Sn alloy (reaction 4). Such CV behavior and charge-discharge 
curves are generally consistent with those reported in literature. [37-39] 
    Figure 6c and d summarize cycling performances of SnS2 nanoflowers, interconnected SnO2 
nanoparticles, and coral-like SnO2/C composite at a specific current of 200 and 500 mA/g, respectively. 
It is found in Figure 6c that the initial discharge capacity of coral-like SnO2/C composite is as high as 
1280 mAh/g. However, very rapid capacity decaying is observed for all the three samples, which is 
mainly due to partial reversibility of reaction (2) and (3), generation of solid electrolyte interface (SEI) 
associated with decomposition of electrolyte. [40, 41] After 50 electrochemical cycles, coral-like SnO2/C 
composite maintains a capacity of 648 mAh/g, corresponding to a capacity fading of 0.778% per cycle 
from the 2nd to the 50th cycle, demonstrating a very large discharge capacity and outstanding cycling 
stability.  In contrast, drastic capacity fading is observed for interconnected SnO2 nanoparticles after 50 
cycles, corresponding to a capacity fading of as high as 1.86% per cycle from the 2nd to 50th cycle. 
This result may be caused by expansion/contraction of interconnected SnO2 nanoparticles during 
charge/discharge, leading to severe pulverization and delamination from the conductive substrate. 
Meanwhile, SnS2 nanoflowers exhibit a lower initial discharge capacity of about 812 mAh/g and 
maintains a capacity of 480 mAh/g after 50 cycles, corresponding to a capacity fading as high as 1.19% 
per cycle from the 2nd to the 50th cycle, which may be attributed to the lower theoretical capacity and 
fewer active sites of SnS2 nanoflowers. When the specific current is increased to 500 mA/g, coral-like 
SnO2/C composite exhibits more distinct enhancement in cycling performance compare to the other 
two. As shown in Figure 6d, coral-like SnO2/C composite delivers a discharge capacity of 520 mAh/g 
after 50 cycles, in comparison with 345 mAh/g from interconnected SnO2 nanoparticles and 206 mAh/g 
from SnS2 nanosheets. A slight decaying at the end of the 50th cycle of coral-like SnO2/C composite is 
attributed to a certain extent of polarization at a high specific current. Compared to interconnected SnO2 
nanoparticles and SnS2 nanosheets, coral-like SnO2/C composite anode displays larger discharge 
capacity and better cycling ability, which is attributed to the unique composite structure with more 
electron transport pathways, more active sites and better mechanical integrity. Mechanical integrity of 
coral-like SnO2/C composite is verfied by SEM images of the electrode that has been cycled for 50 
cycles at 200 mA/g (Figure S4). It can be seen that the coral-like SnO2/C composite can maintain its 
integral coral-like structure with carbon layer firmly attached, since the continuous carbon layer coated 
on SnO2 nanoparticles can not only effectively release the stress of volume expansion and maintain 
mechanical integrity during cycling, but also promote continuous electron transport and prohibit the 
formation of SEI film． 
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Figure 4.6. (a) CV curves and (b) galvanostatic charge-discharge profiles of the first three cycles of 
coral-like SnO2/C nanoparticles. (c, d) Cycling performances of hierarchical SnS2 nanoflowers, SnO2 
interconnected nanoparticles, coral-like SnO2/C nanoparticles at a specific current of 200 and 500 
mAh/g, respectively. (e) Rate performances of SnS2 nanoflowers, SnO2 interconnected nanoparticles, 
coral-like SnO2/C nanoparticles at the specific current ranging from 100, 200, 500, 1000, 2000 to 100 
mA/g; (f) Nyquist plots of SnS2 nanoflowers, SnO2 interconnected nanoparticles, coral-like SnO2/C 
nanoparticles at 100% depth. 
 
The rate performances of all the three samples are summarized in Figure 6e. Coral-like SnO2/C 
composite delivers a discharge capacity of 1294, 784, 658, 532, and 434 mAh/g at a specific current of 
100, 200, 500, 1000 and 2000 mA/g, respectively. When the specific current goes back from 2000 to 
100 mA/g, the discharge capacity of coral-like SnO2/C electrode is recovered to 719 mAh/g, showing 
better rate capability than interconnected SnO2 nanoparticles (625 mAh/g) and SnS2 nanoflowers (546 
mAh/g), due to good mechanical integrity of hierarchical structure during fast lithium 
intercalation/deintercalation process. Moreover, carbon layer firmly coated on SnO2 nanosheets 
provides a continuous pathway for fast electron transport, as confirmed by the EIS results in Figure 6f. 
EIS technology, is used to investigate the processes occurring at the electrode/electrolyte interfaces and 
Li+ intercalation/de-intercalation within electrode materials in the battery cells. In the Nyquist plots, RΩ 
represents the Ohmic resistance of the battery cell, including electrodes, electrolyte and other cell 
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components. Rct represents the charge transfer resistance. CPE and Zw are the double layer capacitance 
and the Warburg impedance, respectively. The Nyquist plots of all the three electrodes are composed 
of a depressed semicircle in the medium-frequency region followed by a slanted line in the low-
frequency region. The electrode of coral-like SnO2/C composite shows the lowest charge transfer 
resistance of 25 Ω compared to interconnected SnO2 nanoparticles (55 Ω), and SnS2 nanoflowers (50 
Ω), indicating faster charge transfer at the electrode /electrolyte interface. Additionally, in comparison 
with SnS2 nanoflowers, the slope of the plot from interconnected SnO2 nanoparticles and coral-like 
SnO2/C composite is increased distinctly at the low-frequency range, suggesting Rct values of 
interconnected SnO2 nanoparticles and coral-like SnO2/C composite are much lower than that of SnS2 
nanoflowers. These results may be attributed to larger surface area and more active sites of 
interconnected SnO2 nanoparticles and coral-like SnO2/C composite. Moreover, the identical slope of 
the EIS plots from interconnected SnO2 nanoparticles and coral-like SnO2/C composite indicates that 
the carbon coating on the surface of SnO2 does not hinder transportation of lithium ions. In order to 
investigate structural stability of the designed coral-like SnO2/C composites, the charge transfer 
resistances of the electrodes after electrochemical cycling are analyzed. Figure S5 compares Nyquist 
plots of the coral-like SnO2/C composite cells before and after 50 cycles when cycled at 200 mA/g. In 
comparison with the cell before cycling, the cell after cycling shows a slight increase of RΩ resistance 
to 48.0 Ω and a similar slope of the slanted line, demonstrating stable kinetics of electrochemical 
reactions in the battery cell based on coral-like SnO2/C composite. 
The improved rate capability and cycling reversibility of the as-prepared coral-like SnO2/C composite 
might be owing to novel engineering and design of its interconnected nanostructure and composition. 
Due to the overall coral-like microstructure and ultrasmall nanoparticle subunits as well as soft carbon 
shell, the coral-like SnO2/C composite displays much higher capacity than SnS2 and pure SnO2 
electrodes, especially at high specific current. Specifically, the coral-like frame structure and ultrasmall 
nanoparticle subunits possess short pathways for transportation of Li+ ions during insertion/extraction, 
and thus facilitate performance at high rate. Moreover, the thin carbon layer, closely attached to the 
nanoparticles, can effectively prevent pulverzation during cycling, leading to improved capacity 
retention and cycling life. Furthermore, the external carbon shell combined with interior interconnected 
nanostructure provides fast pathways for electron transport, enhancing the capacity at high rate. 
 
4.4. Conclusion 
 
     In summary, we have demonstrated a facile and scalable approach for fabricating coral-like SnO2/C 
composite electrodes through a top-down strategy followed by a sol-gel carbon coating method. Using 
the well-defined SnS2 nanoflowers as a template, the resultant SnO2/C composite displays a coral-like 
structure, composed of interconnected fine monocrystalline SnO2 nanoparticles coated coherently by a 
uniform carbon layer. Such electrode is then tested as anode for lithium batteries. Compared to the 
electrodes of SnS2 nanoflowers and interconnected SnO2 nanoparticles, the optimized coral-like SnO2/C 
composite shows significant improvement in both in rate capability and cycling reversibility. The 
enhanced performance is attributed to the coral-like framework, which provides more active reaction 
sites and shorter diffusion length and stabilizing effect due to facile strain relaxation between the 
interconnected nanoparticles. Moreover, the carbon layer coated on the SnO2 nanoparticles can serve 
as buffering shells to accommodate volume variations, alleviate disintegration and pulverization during 
charge/discharge process, and provide integrated electron transport pathways, leading to fast reaction 
kinetics. As such, the optimized coral-like SnO2/C is demonstrated as a promising anode material for 
advanced lithium ion batteries with high capacity and rate capability. 
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CHAPTER 5. INTERWOVEN HETEROSTRUCTURAL Co3O4-CARBON@FeOOH 
HOLLOW POLYHEDRONS WITH IMPROVED ELECTROCHEMICAL PERFORMANCE5 
 
5.1. Introduction 
 
In Chapter 3, SnS2 nanoflowers and dopamine are proven to be suitable structural template and carbon 
source for developing three-dimensional coral-like SnO2/C composite with significantly improved 
performance as anode for LIBs. In this chapter 4, we have developed crystalline-Co3O4-
carbon@amorphous-FeOOH interwoven hollow polyhedrons through thermal treatment of ZIF-67 
paired with solution-phase growth for application as anodes in new-generation lithium ion batteries. 
The superior performance is attributed to synergistic effect of integrated crystal (Co3O4) and amorphous 
(FeOOH) components as well as the unique interwoven heterostructure.  
    The ever-increasing consumer market for efficient energy storage devices has stimulated the 
continuous development of lithium ion batteries (LIBs).1-5 To satisfy the surging demand in larger 
application fields, especially electric grids, electric vehicles, and renewable power plants, high-energy 
LIBs are urgently needed.6-8 To achieve this goal, intensive research interest has been focused on the 
developments of novel cathode and anode materials. In the case of anode materials, transition metal 
oxides have always been regarded as promising candidates due to their safety, low processing cost and 
much larger capacity than that of commercial graphite anodes (372 mAh/g).  
    As typical transition metal oxides, cobalt oxides and iron oxides, both important functional materials, 
have been intensively investigated for their application as lithium ion battery electrodes, catalyzer, gas 
sensor and magnet.9 As conversion-reaction LIB electrode materials, both crystalline and amorphous 
cobalt/iron oxides attract much attention due to their high theoretical capacities. Generally, compared 
with amorphous metal oxides, crystalline metal oxides are more widely studied due to their ordered 
arrangement of atoms as well as stable architecture. However, previous studies, based on film-type 
electrode, have proved that amorphous Fe2O3 anode exhibits greatly enhanced electrochemical 
properties in comparison with crystal Fe2O3 anode.10 The improved cycleability and rate capability of 
amorphous Fe2O3 anode are mainly attributed to the following two reasons: (1) the isotropic nature of 
amorphous phase could sustain high strain due to insertion of lithium ions; (2) diffusion of lithium ions 
are facilitated by the presence of percolation pathways. In general, the crystalline metal oxides usually 
exhibit higher electronic conductivity than those of amorphous metal oxides due to specific pathways 
for electron transportation in the crystal structure. However, amorphous metal oxides have much better 
cycleability attributed to isotropic nature of amorphous phase which could sustain high strain resulted 
from insertion of lithium ions. Therefore, our design of interwoven heterostructural Co3O4-
carbon@FeOOH hollow polyhedrons combine the advantages of high conductivity and stable 
architecture from Co3O4-carbon component and excellent stability and cyclability from FeOOH 
component, achieving synergetic improvement on the electrochemical properties of the electrode.  
Recently, design of complex heterostructured nanomaterials with controllable dimensions has attracted 
tremendous attention because multifunctionality of nanosystems can be realized by tuning the 
composition, morphology, assembling organization of original nanostructures.11, 12 In particular, multi-
dimensional complex nanoarchitectures are more attractive in many nanoscale device applications 
because of their synergic physical or chemical properties that are originated from individual constituent 
and can be enhanced by novel design of the structure.13-15 For example, Meng has prepared 3D 
Bi2WO6/TiO2 hierarchical heterostructure via a electrospinning-assisted route.16 The addition of TiO2 
nanofibers to Bi2WO6 nanoplates could enhance photocatalytic activity dramatically, and it is found that 
the complex heterostructured nanomaterials exhibited much higher photo degradation efficiency than 
single Bi2WO6 and TiO2 due to larger surface area as well as synergistic effect of complex hierarchical 
heterostructure. Furthermore, complex heterostructured nanomaterials composed of semiconductors 
would provide superior photocatalytic abilities owing to low probability of electron-hole 
recombination.17 Moreover, Mai has synthesized MnMoO4/CoMoO4 heterostructured nanowires using 
                                                          
5 This chapter 5 previously appeared as W. W. Xu, Z. Q. Xie, Z. Wang, G. Dietrich, Y. Wang Interwoven heterostructural Co 
3O4-carbon@FeOOH hollow polyhedrons with improved electrochemical performance. Journal of Materials Chemistry A. 
2016, 4, 19011-19018, It is reprinted by permission of the Royal Society of Chemistry. 
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a simple refluxing method. The construction of 3D MnMoO4/CoMoO4 heterostructured nanowires can 
improve electrochemical properties by providing better permeability, larger surface areas as well as 
more surface active sites for redox reaction; this complex nanoarchitectures is beneficial to 
supercapacitor applications.18 Recently, many functional materials like Fe2O3/SnO2,2 SnO2/TiO2,8 
Bi2WO6/TiO219, and various technologies such as chemical vapor deposition20, atomic layer deposition21 
as well as template-assisted method22 have been demonstrated to form core-shell heterostructures, hyper 
nanowires, and branched nano-heterostructures. In comparison with vapor-phase strategies and 
template-assisted route,23 solution-phase growth generally allows a higher degree of control. In addition, 
the characteristics of high throughput, and the capability to prepare metal nanostructures with 
controllable size as well as morphology make solution-based methods very promising. Nevertheless, 
most studies about heterostructure only focused on using alternative chemical elements. It remains a 
great challenge to control the crystal - phased composition (crystalline or amorphous), size, and 
dimension of the building blocks of hierarchical nanostructures in an expected manner. 
 
 
Figure 5.1. (a) Schematic illustration of interwoven heterostructure. b) Schematic showing the 
formation process of crystalline - amorphous Co3O4/FeOOH interwoven hollow polyhedrons structure: 
(I) Formation of Co3O4-carbon hollow polyhedrons structures by annealing ZIF-67 hollow polyhedrons 
at 290°C for 2 hours in air. (II) Nucleation of FeOOH on Co3O4 hollow polyhedrons. (III) Formation of 
Co3O4-carbon@FeOOH interwoven hollow polyhedrons by redox-engaged growth of amorphous 
FeOOH nanowires on Co3O4 hollow polyhedrons.  
   
    In this work, we report for the first time, the controllable design of crystalline Co3O4-
carbon@amorphous FeOOH interwoven via thermal treatment of zeolitic imidazolate frameworks 
(ZIF-67) followed by self-assemble growth of FeOOH nanowires. The designed crystalline-Co3O4-
carbon@amorphous-FeOOH interwoven hollow polyhedrons displays significantly improved specific 
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capacity and rate capability for application as anode material in LIBs. The unique advantage of such 
heterostructures lies in the synergistic effect of integrated crystal and amorphous components as well 
as the unique interwoven heterostructure. Specifically, as shown in Figure 1a, inner crystalline Co3O4 
nanoparticles can durably supply high specific capacity at high rate, because the surrounding 
interwoven FeOOH nanowires can effectively improve structural maintenance by accommodating 
drastic volume variations during lithiation and delithiation; and meanwhile the amorphous nanowires 
provide faster lithium ion diffusion pathway by the formation of percolation pathways. On the other 
hand, Co3O4-carbon hollow polyhedrons not only serve as growth platform for amorphous FeOOH 
nanowires, but also offer efficient electron transportation. In addition, the internal void space can 
effectively accommodate large volumetric expansion of Co3O4 during cycling, maintaining structural 
integrity. In comparison with bare Co3O4-carbon hollow polyhedrons, the designed heterostructural 
Co3O4-carbon@FeOOH hollow polyhedrons are found to exhibit superior capacity retention and rate 
capability. At a specific current of 200 mA/g, the Co3O4-carbon@FeOOH heterostructure exhibits a 
reversible specific capacity of 603 mAh/g after 100 cycles, showing a capacity fading of only 0.158% 
per cycle between 10 to 100 cycles, much lower than that of pure Co3O4-carbon hollow polyhedrons 
(0.604%). When the specific current returns from 2000 mA/g to 50 mA/g, Co3O4-carbon@FeOOH 
heterostructure maintains a specific capacity of 1120 mAh/g, demonstrating remarkable cyclabilty and 
high rate capability. To the best of our knowledge, this is the first time that crystalline-amorphous 
Co3O4-carbon@FeOOH interwoven heterostructures has been designed and used as anode for LIBs. 
 
5.2. Experiments 
 
5.2.1. Synreport of Co3O4-Carbon Hollow Polyhedrons 
 
    In a typical synreport,24 2-methylimidazole (1.97 g) is dissolved in a mixed solution of 20 ml of 
methanol and 20 ml of ethanol. Co(NO3)2⋅6H2O (1.746 g) is dissolved in another mixed solution of 
20 ml of methanol and 20 ml of ethanol. The two solutions above are then mixed under continuous 
stirring for 10 s, and the final solution is kept for 20 h at room temperature. The purple precipitate is 
collected by centrifugation, washed in ethanol several times and dried at 80°C. The ZIF-67 polyhedrons 
are then dispersed in a crucible, heated to 290 °C with a heating rate of 2 °C/min and kept at that 
temperature for 2 h in the furnace. After that, the furnace is cooled down to room temperature naturally.  
 
5.2.2. Synreport of Crystalline-Amorphous Co3O4-Carbon@FeOOH Interwoven Hollow Polyhedrons 
 
    30 mg Co3O4-carbon hollow polyhedrons were dispersed in 30 mL of deionized water, followed by 
adding 0.242 g FeSO4⋅7H2O and stirring at room temperature for 20 hours. Afterwards, the products 
were collected by centrifugation, rinsed in ethanol several times and dried at 80 °C. By shortening the 
reaction time to 6 hours or prolonging the reaction time to 36 hours, FeOOH dotted Co3O4-carbon 
hollow polyhedrons and FeOOH nanowires wrapped Co3O4-carbon nanoparticles can be obtained 
respectively. 
 
5.3. Results and Discussion 
 
The overall synreport strategy for Co3O4-carbon@FeOOH interwoven heterostructural hollow 
polyhedrons is schematically illustrated in Figure 1b. In the first step, ZIF-67 polyhedrons are prepared 
first using a precipitation method with the precursors of cobalt nitrite and 2-methylimidazole in 
methanol for 10 hours at room temperature 3. The as-formed ZIF-67 powder is then thermal annealed 
at 290 ℃ for 2 hours in air. During this process, well-defined Co3O4-carbon hollow polyhedrons are 
formed by the decomposition and oxidization of ZIF-67. Afterwards, the as-formed Co3O4-carbon 
hollow polyhedrons are homogenously dispersed in a water solution of ferrous sulphate for 20 hours to 
obtain Co3O4 and FeOOH composite structure. Interestingly, the FeOOH nanowires are not only 
directly spontaneously grown and assembled on the Co3O4-carbon hollow polyhedrons by forced 
hydrolysis, but also forming interwoven structure, wrapping Co3O4-carbon hollow polyhedrons. As a 
result, all the Co3O4-carbon hollow polyhedrons are wrapped and connected by amorphous FeOOH 
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nanowires, forming an integrated crystalline-Co3O4-carbon@amorphous-FeOOH interwoven 
heterostructural hollow polyhedrons. 
 
 
Figure 5.2. (a) XRD patterns, (b) XPS spectrum, and (c) FTIR spectrum of Co3O4-carbon hollow 
polyhedrons and Co3O4-carbon@FeOOH interwoven hollow polyhedrons, (d) Fe 2p XPS, (e) Co 2p 
and (f) Co 2p3/2 XPS spectrum of Co3O4-carbon@FeOOH interwoven hollow polyhedrons. 
 
    The crystal structure of the products formed at each step is determined by X-ray diffraction (XRD), 
as shown in Figure S1, 2a. Figure S1 displays the XRD pattern of ZIF-67 hollow polyhedrons. It is 
found that all the typical diffraction peaks from (011), (002), (112) and (222) planes, are consistent with 
previous reports25. After sintering in air, XRD analysis indicates ZIF-67 hollow polyhedrons are totally 
converted into Co3O4-carbon hollow polyhedrons, as displayed in Figure 2a. The XRD pattern of the 
brown curve shows peaks at 19.2°, 31.5°, 36.8°, 44.8° 55.7°, 59.4° and 65.2° accorded with the (111), 
(220), (311), (400), (422), (511) and (440) planes of Co3O4, respectively. Co3O4 is identified as cubic 
cobalt oxide with the lattice parameters a = b = c = 8.056 Å, Fd-3m space group, which is in good 
agreement with standard XRD patterns of cubic Co3O4 (JCPDF card no. 03 - 065 - 3103). After growing 
FeOOH nanowires, the XRD pattern of Co3O4-carbon@FeOOH interwoven hollow polyhedrons (the 
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red curve) is very similar to that of Co3O4 hollow polyhedrons. No peak of FeOOH crystal was detected, 
indicating that the FeOOH nanowires are amorphous in nature. In order to characterize amorphous 
FeOOH, FTIR is carried out and displayed in Figure 2b. For the Co3O4-carbon hollow polyhedrons, 
only two peaks are observed, 1300 cm-1 corresponding to the H-O bond owing to the moisture 
absorption of KBr powder, 700 cm-1 attributing to the Co-O bonds. The Co3O4-carbon@FeOOH 
interwoven hollow polyhedrons show two more peaks and much strong absorption peak at 3300 cm-1, 
when compared with Co3O4-carbon hollow polyhedrons. The strong absorption band at around 3300 
cm-1 is owing to stretching vibration of O-H band from FeOOH. And the bands at 1650 and 1150 cm-1 
represent the Fe-O vibrational mode in FeOOH.26 
Even though the exact mechanism is not quite clear, we suggest heterogeneous nucleation followed 
by self-assembly growth contribute to the formation process of amorphous FeOOH nanowires. 
Specifically, after ferrous sulphate is dissolved in the aqueous solution with the powders of Co3O4-
carbon hollow polyhedrons, the Fe2+ ions move to polar oxygen-containing groups on Co3O4-carbon 
hollow polyhedrons by preferential electrostatic attraction and then are further oxidized by oxygen 
trapped in the polyhedrons or dissolved in water. Finally, consequent heterogeneous nucleation and 
growth of FeOOH nanowires are attributed to hydrolysis of Fe3+ and further oxolation/olation of FeO6 
units.27 In this process, a short reaction time (6h) results in growth of FeOOH dots on Co3O4-carbon 
hollow polyhedrons, while an excessive long reaction time (36 h) induces long wrapped FeOOH 
nanowires. In other words, the growing density of amorphous FeOOH nanowires on Co3O4-carbon 
hollow polyhedrons can be readily tuned to achieve a desirable loading amount of iron content by 
simply varying the reaction time. Moreover, the N2 adsorption−desorption measurement is used to 
examine and compare specific surface area of the as-prepared two samples. The Co3O4-
carbon@FeOOH interwoven heterostructural hollow polyhedrons display a BET surface area of 104.90 
m2/g, higher than that of Co3O4-carbon hollow polyhedrons (49.15 m2/g). 
    Moreover, chemical composition of the sample and the content of each component are further 
identified by X-ray photoelectron carbon in the Co3O4-carbon@FeOOH interwoven hollow 
polyhedrons. The presence of carbon and nitrogen is due to the residual decomposition and 
carbonization of ZIF-67. The mass percentage of carbon in Co3O4-carbon@FeOOH interwoven hollow 
polyhedrons is about 8.53%. As displayed in Figure 2d, the high- resolution Fe2p spectrum be 
developed into two bands, 710.9 and 724.2 eV, corresponding to the Fe 2p3/2 and 2p1/2 states, 
respectively. The mass percentage of FeOOH is about 45.5%. The high-resolution Co2p spectrum in 
Figure 2e exhibits two prominent bands at 794.0 and 778.0 eV, with a spin-energy separation of 16 eV, 
corresponding to the Co 2p1/2 and Co 2p3/2 respectively, representing a Co3O4 phase. As shown in 
Figure 2f, the Co 2p3/2 peak could be divided into two fitting peaks at 779.5 and 777.5 eV indicating the 
existence of Co2+ and Co3+. 
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Figure 5.3. SEM images of (a, b) Co-MOF material with reaction time of 30 h, (c, d) Co-MOF 
material sintered at 290 °C in air for 2 hours, and (e, f) Co3O4-carbon@FeOOH interwoven hollow 
polyhedrons structure. 
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Figure 5.4. The EDS mapping of Co3O4-carbon@FeOOH interwoven hollow polyhedrons structure 
 
 
Figure 5.5. TEM and HRTEM images of (a) Co3O4-carbon@FeOOH interwoven hollow polyhedrons, 
and (b) Co3O4 hollow polyhedrons. 
 
    In order to investigate the morphology of the products in each step, their FESEM images have been 
taken and displayed in Figure 3. Figure 3a, b manifests the SEM image of the well-defined ZIF-67 
hollow polyhedrons. In Figure 3a, some polyhedrons show open voids, indicating the hollow structures 
of ZIF-67. In Figure 3b, the size and polyhedral shape of ZIF-67 nanoparticles are quite uniform. As 
displayed clearly in Figure 3c and d, the size and polyhedral shape of ZIF-67 nanoparticles are retained 
well after thermal treatment, while the surface of polyhedrons becomes much rougher. In Figure 3c, 
many tiny nanoparticles can be clearly observed on the rough surface. Moreover, in Figure 3d, some 
broken polyhedral particles display open voids, indicating well maintained hollow structures of ZIF-67. 
The Co3O4-carbon hollow polyhedrons, with a thickness of about 20 nm, is composed of closely 
interconnected nanoparticles. After the self-assemble growth of FeOOH nanowires, the Co3O4-carbon 
hollow polyhedrons are wrapped and interwoven with nanowires, as displayed in Figure 3e and f. In 
Figure 3e, it is clearly shown that each hollow polyhedron is well wrapped and connected with tiny 
nanowires. The average diameter and length of the nanowires are estimated to be about 5 nm and 100 
nm, respectively. Furthermore, Co3O4-carbon hollow polyhedrons are also connected with each 
nanowire. The average diameter and length of the nanowires are other by nanowires (Figure 3f). It is 
clearly shown that both ends of the many nanowires are attached to different Co3O4 hollow polyhedrons, 
acting as bridges to connect the polyhedrons. As a result, Co3O4-carbon@FeOOH interwoven hollow 
polyhedrons heterostructure forms. The length of FeOOH nanowires can be tuned by varying the 
reactant time. When the reactant time is reduced to 6 hours, the length of the branches is reduced to 
only 10 nm. As clearly observed in Figure S2a, amorphous FeOOH dots begin to form and grow on 
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Co3O4 hollow polyhedrons. As shown in Figure S2b, with the reaction time extended to 36 hours, 
FeOOH nanowires grow longer with their length prolonged to 500 nm, homogeneously covering the 
whole surface of Co3O4 particles. The composition of Co3O4-carbon@FeOOH interwoven hollow 
polyhedrons is also confirmed by EDS mapping. In Figure 4, EDS of the elemental mappings is 
performed on the sample of Co3O4-carbon@FeOOH interwoven hollow polyhedrons material. The 
cobalt signal for Co3O4 hollow polyhedrons, iron signals for FeOOH, the oxygen, carbon and nitrogen 
are overlapped uniformly across the entire sample, indicating uniform formation of FeOOH nanowires 
on Co3O4 hollow polyhedrons. The mass ratio of FeOOH and Co3O4 is about 3:7. In order to further 
identify the crystallographic relationship between FeOOH nanowires and Co3O4-carbon hollow 
polyhedrons, HRTEM imaging of the interface is investigated in detail. Figure 5a presents TEM and 
HRTEM image of Co3O4-carbon@FeOOH interwoven hollow polyhedrons. The inserted TEM image 
confirms hollow structure of polyhedrons, which are composed of carbon and tiny Co3O4 nanoparticles 
with a radius about 20 nm. In the HRTEM image, many thin and translucent FeOOH nanowires directly 
grow on the surface of Co3O4 hollow polyhedrons. No lattice fringe is observed in the nanowires, 
indicating amorphous phase of FeOOH nanowires. Figure5b displays HRTEM and TEM images of 
Co3O4-carbon hollow polyhedrons. The HRTEM image exhibits lattice fringes with different d-spacings 
of 4.651 and 2.848 Å, corresponding to the (111) and (220) planes of cube Co3O4 crystals. The 
corresponding SEM images, EDS, XRD pattern and TEM images all clearly confirm the morphology 
and structural phase of Co3O4-carbon@FeOOH interwoven hollow polyhedrons. 
    To evaluate electrochemical performances of all the samples, coin cells based on Co3O4-
carbon@FeOOH interwoven hollow polyhedrons and Co3O4-carbon hollow polyhedrons are assembled 
and cycled in a voltage range of 0.01-3 V versus Li+/Li. The electrochemical reactions of FeOOH and 
Co3O4 with lithium are described below: 
FeOOH + 3Li = LiOH + Fe + Li2O                           (1) 
2Fe + 3Li2O = Fe2O3 + 6Li                                        (2) 
Co3O4 + 8Li = 4Li2O + 3Co                                       (3) 
    Reactions (1), (2) and (3) are the electrochemical reactions of FeOOH and Co3O4 respectively. Figure 
6a shows cyclic voltammorgram (CV) of Co3O4-carbon@FeOOH interwoven hollow polyhedrons in 
the first three consecutive cycles at a voltage range of 0.01-3 V vs. Li/Li+. In the first curve, two well 
defined reduction peaks can be resolved at 1.6 and 0.8 V, respectively. Meanwhile, two broad peaks at 
1.6 and 2.3 V can be observed in the anodic process. The cathodic peak at 1.6 V is attributed to the 
insertion of a certain amount of Li ions into the amorphous FeOOH, forming a solid-solution-like 
compound. The broad peak at 0.8 V is assigned to the conversion reduction of Fe (III) to Fe (0) (reaction 
1) as well as the reduction of Co (III/II) to Co (0) (reaction 3), and partially distributed to electrolyte 
decomposition and formation of the SEI film.28 While the anodic peaks correspond to the oxidation of 
Fe nanoparticles into Fe2O3 nanoparticles (reaction 2), and Co back into Co3O4 nanoparticles. In 
subsequent cycles, redox reactions of lithium insertion/extraction are highly reversible, where the 
cathodic lithium insertion is mainly shifted to 1.1 and 0.75 V, and the anodic lithium extraction occurs 
at 1.6 and 2.3 V due to the electrochemical reduction/oxidation (Fe2O3 ↔ Fe, Co3O4 ↔ Co) reactions 
accompanying with lithium ion insertion (lithiation) and extraction (delithiation). The peak intensity 
and integral areas of the third cycle are close to that of the second one, indicating good electrochemical 
reversibility of Co3O4-carbon@FeOOH interwoven hollow polyhedrons. 
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Figure 5.6. (a) CV curves at a scan rate of 0.1 mV/s, (b) cycling performance at 200 mA/g, (b) rate 
performance at specific currents ranged from 50, 200, 500, 1000, 2000 to 50 mA/g, (d) charge/discharge 
profiles corresponding to the rate performance, for Co3O4-carbon@FeOOH interwoven hollow 
polyhedrons and pristine Co3O4 hollow polyhedrons. 
 
    Figure 6b summarizes cycling performances of Co3O4-carbon @FeOOH interwoven hollow 
polyhedrons and Co3O4-carbon hollow polyhedrons at a specific current of 200 mA/g. It is found in 
Figure 5b that the initial discharge capacity of Co3O4-carbon@FeOOH interwoven hollow polyhedrons 
and Co3O4-carbon hollow polyhedrons are as high as 890 mAh/g and 720 mAh/g, respectively. However, 
very rapid capacity decaying is observed for both the two samples in the first several cycles, which is 
mainly attributed to the generation of solid electrolyte interface (SEI) associated with decomposition of 
electrolyte. After 100 electrochemical cycles, Co3O4-carbon@FeOOH interwoven hollow polyhedrons 
maintain a capacity of 603 mAh/g, corresponding to a capacity fading of 0.158% per cycle between 10th 
to 100th cycles, demonstrating a very large discharge capacity and outstanding cycling stability. In 
contrast, drastic capacity fading is observed for pure Co3O4-carbon hollow polyhedrons after 100 cycles, 
corresponding to a capacity fading of as high as 0.604% per cycle from the 10th to 100th cycle. Compared 
Co3O4 hollow polyhedrons, Co3O4-carbon@FeOOH interwoven hollow polyhedrons display larger 
discharge capacity and better cycling ability, which is attributed to the unique composite heterostructure 
with more electron transport pathways, higher specific area with more active sites and better mechanical 
integrity. The integrating network coated on Co3O4-carbon hollow polyhedrons can effectively release 
the stress from volume change during cycling, promote continuous electron transport and shorten the 
pathway for lithium ion transportation． 
    The rate performances of these two samples are summarized in Figure 6c. Co3O4-carbon@FeOOH 
interwoven hollow polyhedrons deliver a discharge capacity of 1060, 900, 750, 550, and 400 mAh/g at 
a specific current of 50, 200, 500, 1000 and 2000 mA/g, respectively. When the specific current goes 
back from 2000 to 50 mA/g, the discharge capacity of Co3O4-carbon@FeOOH interwoven hollow 
polyhedrons is recovered to 1120 mAh/g, showing better rate capability than single Co3O4 hollow 
polyhedrons, due to more active surface sites for Li+ access in hierarchical structure during fast lithium 
intercalation/deintercalation process. Moreover, FeOOH nanowires grown directly on Co3O4-carbon 
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hollow polyhedrons provide continuous pathways for fast electron transport, as confirmed by the EIS 
results in Figure S3. EIS technology, one of the most powerful tools for studying electrochemical 
kinetics, can be used to investigate the processes occurring at the electrode/electrolyte interfaces and 
Li+ intercalation/de-intercalation within electrode materials in the battery cells. In the Nyquist plots, RΩ 
represents the Ohmic resistance of the battery cell, including electrodes, electrolyte and other cell 
components. Rct represents the charge transfer resistance. CPE and Zw are the double layer capacitance 
and the Warburg impedance, respectively. The Nyquist plots of both electrodes are composed of a 
depressed semicircle in the medium-frequency region followed by a slanted line in the low-frequency 
region. The electrode of Co3O4-carbon@FeOOH interwoven hollow polyhedrons shows a lower charge 
transfer resistance of 120 Ω compared to Co3O4-carbon hollow polyhedrons (125 Ω), indicating faster 
charge transfer at the electrode/electrolyte interface. Additionally, in comparison with Co3O4 hollow 
polyhedrons, the slope of the plot from Co3O4-carbon@FeOOH interwoven hollow polyhedrons is 
increased distinctly at the low-frequency range, suggesting Rct value of Co3O4-carbon@FeOOH 
interwoven hollow polyhedrons is much lower than that of Co3O4 hollow polyhedrons. These results 
may be attributed to more pathways for lithium ion transportation and active sites of Co3O4-
carbon@FeOOH interwoven hollow polyhedrons. Moreover, to verify mechanical integrity of Co3O4-
carbon@FeOOH interwoven hollow polyhedrons, we take SEM images of the electrode that has been 
cycled for 100 cycles at 200 mA/g. As shown in Figure S 4a and b, the electrode retains its original 
hollow polyhedrons architecture after 100 cycles. Although the repeated lithiation and delithiation of 
Co3O4 and FeOOH can result in large volume change during cycling, the interwoven hollow polyhedral 
shape is well maintained. In comparison with the usually observed collapse of Co3O4 electrode, 
Co3O4/TiO2 composite hollow polyhedrons are remarkably stable. [29] 
    Based on the results above, improved performance of interwoven heterostructural Co3O4-
carbon@FeOOH hollow polyhedrons is attributed to the following reasons. (1) The interwoven FeOOH 
nanowires effectively protect inner Co3O4 particles, leading to excellent structural stability and 
mechanical integrity as well as improved cyclability of the electrode. (2) The synergistic effect of inner 
Co3O4-carbon hollow polyhedrons and outer amorphous components offer efficient transportation of 
both lithium ions and electrons, leading to enhanced rate capability. Specifically, amorphous nanowires 
can serve as faster lithium ion diffusion pathway for inner Co3O4 through the formation of percolation 
pathways. On the other hand, Co3O4-carbon hollow polyhedrons offer more efficient electron 
transportation for amorphous FeOOH nanowires during charge and discharge.  
    In comparison with other previously reported heterostructural material, 30-34 or single 
crystalline/amorphous metal oxides35, 36, the composite in this work shows significantly enhanced 
capacity retention and improved rate capability. Additionally, compared to syntheses method of vapor-
phase deposition37, template assistant method38 as well as thermal assistant method39, crystalline-Co3O4-
carbon@amorphous-FeOOH interwoven hollow polyhedrons can be obtained via a low-temperature 
sintering followed with facile low-cost solution-phase oxidization, which is ideal for large-scale 
production.  
 
5.4. Conclusion 
 
In summary, crystalline-Co3O4-carbon@amorphous-FeOOH interwoven heterostructural hollow 
polyhedrons have been rationally designed and fabricated by using thermal treatment of ZIF-67 and 
solution-phase redox-engaged growth. The as-prepared heterostructure display unique interwoven 
architecture. Specifically, it is composed of crystal Co3O4 hollow polyhedrons, integrated by amorphous 
FeOOH nanowires. Because of their unique composition and architecture, the crystalline - amorphous 
Co3O4-carbon@FeOOH interwsoven heterostructural hollow polyhedrons show significant 
improvements in electrochemical performance, especially in rate capability and cycling reversibility. 
The enhanced performance is attributed to the synergistic effect of integrated crystalline and amorphous 
components as well as the unique interwoven heterostructure. As such, the optimized crystalline-Co3O4-
carbon@amorphous-FeOOH interwoven heterostructural hollow polyhedrons are demonstrated as a 
promising anode material for application in advanced lithium ion batteries with high capacity and high 
rate capability. 
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CHAPTER 6. Co3O4-x-CARBON@Fe2-yCoyO3 HETEROSTRUCTURAL HOLLOW 
POLYHEDRONS FOR THE OXYGEN EVOLUTION REACTION6 
 
6.1. Introduction 
 
As described in Chapter 5, crystalline-Co3O4-carbon@amorphous-FeOOH interwoven hollow 
polyhedrons can be synthesized through thermal treatment paired with solution-phase growth. In this 
chapter 6, we further synthesized Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons via 
inert gas thermal treatment followed by solution-phase growth. The Co3O4-x nanocrystallite with oxygen 
vacancies provides both heterogeneous nucleation sites and growth platform for Fe2-yCoyO3 nanowires. 
Applied as efficient OER electrocatalyst, such novel heterostructured OER electrocatalyst exhibits a 
much lower onset potential and higher current density. 
With ever-increasing global energy demands and environmental issues of consuming fossil fuels, 
extensive efforts have been devoted to developing sustainable and clean energy technologies.1-3 Among 
different solutions, electrocatalytic water splitting through oxygen evolution reaction (OER) and 
hydrogen evolution reaction (HER) attracts tremendous attention as the generated H2 can be utilized as 
a clean energy source.4-6 Based on thermodynamic theory, OER is an uphill reaction, which involves 
the transformation of four electrons at a high overpotential.7-8 Up to date, noble metal/metal oxides such 
as platinum (Pt), ruthenium oxides (IrO2) and iridium oxides (RuO2) are still considered as the most 
efficient electrocatalysts for OER.9-11 Nevertheless, poor stability, low cost, and scarcity of platinum 
group metals seriously hinder their utilization in industrial scale technology.12-13 Therefore, developing 
efficient and cost-effective electrocatalysts based on earth-abundant elements to gain a sustainable 
hydrogen production would be highly desirable.14-15 To date, tremendous efforts have been dedicated to 
exploring the noble-metal-free electrocatalysts, such as copper oxide, cobalt oxide, and manganese 
oxide et al., as electrocatalysts for OER.16-17 Among these transition metal oxide catalysts, cobalt oxides 
have attracted much attention due to its excellent catalytic activity and remarkable stability. 
As electrocatalysts for OER, bulk metal oxides are usually less active because of their low surface 
area and poor conductivity. The electrocatalytic activity of Co3O4 is affected by the specific surface area 
as well as the surface electronic state. Larger surface area of Co3O4 can provide more accessible sites 
for electrochemical reactions. Numerous nanostructures have been designed to improve the catalytic 
activity of Co3O4 for OER. For example, Dai et al. has synthesized the Co3O4/N-doped graphene hybrid 
material, which is consisted of Co3O4 nanoparticles grown directly on nitrogen doped graphene 
nanosheet.18 As electrocatalyst for OER, Co3O4/N-doped graphene shows a very low overpotential of 
0.31 V at the current density of 10 mA/cm2 with a small Tafel slope of 67 mV/dec, exhibiting 
significantly improved catalytic activity than that of Co3O4 or graphene oxide alone. The small 
crystalline size and conductive support contribute to the electrocatalytic activity for OER. Moreover, 
Yan et al. has designed porous MnOx/NC hybrid nanorods with an extremely high specific surface area 
of 135 m2/g.19 The hierarchical porosity facilitates the mass transfer within the electrode. At the current 
density of 10mA/cm2, it exhibits an overpotential of 1.67 V with Tafel slope of 56 mV/dec.19 
Recently, heterostructured nanomaterials have stimulated more and more interest since 
multifunctionality of nanomaterials can be realized via designing morphology and manipulating the 
composition of original components. In particular, three-dimensional nanoarchitectures have been 
widely studied in the fields of energy storage devices and conversion due to their unique benefits such 
as the robust structure, tremendous surface-active sites, and synergic physical or chemical properties 
from different components. For example, Fan et al. have designed TiO2@Fe2O3 hollow nanostructures 
as advanced anode material for improved lithium ion storage.20 In this TiO2@Fe2O3 hierarchical 
structure, TiO2 nanotubes provide stable backbone and growth platform for Fe2O3, while Fe2O3 
nanospikes outside the tubes provide efficient conductive paths for electrons. Therefore, enhanced 
cyclic stability and rate capability are achieved. In addition, Wang et al. reported the preparation of 
                                                          
6
 This chapter 6 previously appeared as W. W. Xu, W. W. Xie, Y. Wang, Co3O4–x-Carbon@ Fe2–y CoyO3 Heterostructural 
Hollow Polyhedrons for the Oxygen Evolution Reaction. ACS applied materials & interfaces, 2017, 9, 28642-28649, It is 
reprinted by permission of American Chemical Society. 
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Co@nitrogen-doped carbon nanotubes as a superior electrocatalyst for OER and ORR.21 The 
remarkable performance is attributed to the synergic effect of chemical components as well as the stable 
nanoarchitecture. Zhao et al. have deposited hierarchically structured nickel-iron composite nanosheets 
onto porous nickel foam substrates by electrodeposition.22 The designed electrode exhibits improved 
catalytic activity for water oxidation in alkaline solutions due to its very high specific surface area and 
electrical integrity. However, it still remains a great challenge to control the sizes, dimensions and 
crystalline/amorphous components, and of the building blocks of hierarchical nanomaterials. 
Additionally, the surface electronic states of Co3O4 can be adjusted by doping with a third element, 
controlling the facet, or introducing oxygen vacancies. Tuning oxygen vacancies of transition metal 
oxides would also greatly change their catalytic activity. Co3O4 is of mixed valences with the presence 
of Co2+ and Co3+. Proper control of the Co2+/Co3+ ratio in Co3O4 can result great changes in its electronic 
and thus catalytic properties. For example, Dai et al. has prepared Co3O4 nanosheets with oxygen 
vacancies by a plasma engraving strategy.23 The generated oxygen vacancies on the Co3O4 surface 
significantly improve the electronic conductivity and also generate more active edges for the reaction 
of OER. As an OER electrocatalyst, Co3O4 with oxygen vacancies shows improved current density and 
lower onset potential than those of pristine Co3O4. Moreover, Zheng et al. has synthesized reduced 
Co3O4 mesoporous nanowires for application as electrocatalysts for water oxidation.24 After reduction, 
mesoporous Co3O4 nanowires show a current of 13.1 mA/cm2 at the potential of 1.65 V. Based on the 
results of density-functional theory calculations, oxygen vacancies may lead to the generation of new 
gap states. Moreover, the electrons associated with Co-O bonds have the tendency to be delocalized, 
leading to the improved electrocatalytic activity and electrical conductivity.23, 24 Recently, Burke et al. 
has studied the crucial role of Fe impurities incorporated in Co-based materials as the OER 
electrocatalyst.25 They hypothesized that Fe substituting Co can serve as active site for OER catalysis, 
while CoOOH provides a conductive and stable host for Fe. 
Herein, to combine all these merits and improve the electrocatalytic performance of Co3O4, we 
rationally design and prepare the Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons by 
thermal annealing of zeolitic imidazolate frameworks (ZIF-67) followed by self-assembly growth of 
Fe2-yCoyO3 nanowires. The pristine ZIF-67 hollow polyhedrons are subjected to two steps of thermal 
treatment, forming Co3O4-x-carbon hollow polyhedrons. It is found that the Co3O4 component in this 
structure has oxygen vacancies on the surface, as characterized by XRD and XPS. Inner Co3O4 
nanoparticles with oxygen vacancies, which are imbedded in the carbon hollow polyhedron matrix, can 
create more active defects for OER, durably supply high efficient electronic conductivity, and provide 
strong structural stability. Moreover, the oxygen vacancies on the surface of Co3O4 nanoparticles also 
serve as the nucleation sites for growth of crystalline Fe2-yCoyO3 nanowires. Tiny crystalline Fe2-yCoyO3 
nanowires directly grow on the hollow Co3O4 polyhedrons, forming a novel heterostructure. The 
designed Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons display significantly 
improved current density and a much lower overpotential as the OER electrocatalyst. The advantage of 
such structure lies in the synergistic effect of integrated Co3O4-x-carbon and Fe2-yCoyO3 components as 
well as the unique heterostructure. In particular, as shown in Figure 1, the tiny Fe2-yCoyO3 nanowires 
directly grown on the surface of hollow polyhedrons have a very high surface area, providing numerous 
active sites for the OER reaction. To our knowledge, this is the first time that heterostructure of Co3O4-
x-carbon@Fe2-yCoyO3 has been designed and synthesized with a controllable method. More 
significantly, this strategy opens a new and facile avenue for fabricating complex structured composite 
nanomaterial, which has great potential as future electrocatalyst and for other energy/environmental 
applications. 
 
6.2. Experiments 
 
6.2.1. Synreport of Co3O4-x-Carbon Hollow Polyhedrons.  
 
ZIF-67 was prepared via a typical precipitation method. Briefly, 3.94g 2-methylimidazole was 
dissolved in a mixed solution of ethanol (40 mL) and methanol (40 mL). 3.51 g Co(NO3)2⋅6H2O was 
dissolved in another mixed solution of methanol (40 mL) and ethanol (40 mL). Then, these two 
solutions above were combined under stirring. The final solution was kept for 20 hours under 
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continuous stirring. The resultant purple powder was collected by centrifugation, washed with ethanol 
for three times and dried overnight at 70 °C. Afterwards, ZIF-67 powder was then annealed at 600 °C 
for 2 hours in nitrogen. After that, the Co3O4-carbon hollow polyhedrons were further annealed at 200 
°C for 20 minutes in air.21, 26 
 
6.2.2. Preparation of Co3O4 Hollow Polyhedrons.  
 
Co3O4 hollow polyhedrons were prepared by annealing the ZIF-67 powder at 290°C for 2 hours in 
air with the heating rate of 2°C/min.27 
 
6.2.3. Synreport of Co3O4-x-Carbon@Fe2-yCoyO3 Heterostructural Hollow Polyhedrons.  
 
30 mg Co3O4-carbon hollow polyhedrons were dispersed in deionized water (30 mL). Then, the 
solution was added with 0.242 g FeSO4⋅7H2O and kept stirring for 20 hours. Afterwards, the resultant 
products were collected by centrifugation, washed with water and ethanol several times and dried 
overnight at 70 °C. 28 
 
6.2.4. Characterization: 
 
 X-ray diffraction (XRD) data of all the samples was recorded by Rigaku MiniFlex X-ray diffraction 
measurement in the 2θ range of 5°-90° with a scanning rate of 2 °/min, using Cu Kα radiation (λ = 
1.5406 Å). X-ray photoelectron spectroscopy (XPS) data were recorded on an AXIS165 spectrometer 
using a twin-anode Al Kα (1486.6 eV) X-ray as the excitation source with the charge neutralization 
function being turned on. The scanning electron microscopy (SEM) imaging and Energy dispersive 
spectroscopic (EDS) mapping were performed by a FEI Quanta 3D FEG field emission scanning 
electron microscopy (FESEM). And microstructure was observed by a JEM-1400 transmission electron 
microscope (TEM). 
 
6.2.5. Electrochemical Measurements 
 
 Linear sweep voltammetry (LSV), cyclic voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS) were measured with a rotating disk electrode controller (AFMSRCE, Pine 
Instrument Co.) connected to a CHI 6504C electrochemical workstation (CH Instruments, Inc.). In a 
typical three-electrode system, a platinum wire was used as counter electrode, and a HydroFlex was 
used as reference electrode. To prepare catalyst film-coated glassy carbon working electrode, 8 mg 
powders were dispersed in 2 ml freshly prepared dispersion solution (Ethanol/Nafion=100:1, (V/V)), 
following by sonication for 1 hour. Afterwards, 10 ul fresh catalyst ink was deposited on a rotating disk 
electrode with geometric area of 0.196 cm2 by a house-built spinning coating device under a gentle 
airflow. The oxygen evolution reaction (OER) property of the catalysts was studied using LSV. For the 
stability test, the potential was swept at a scan rate of 5 mV/s in a range of 0.2 V-0.65 V with an electrode 
rotation rate of 1600 rpm in N2-saturated 1M KOH aqueous solution. 
 
6.3. Results and discussion 
 
The Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons are synthesized via a three-step 
procedure as illustrated in Figure 1. ZIF-67 polyhedrons are first synthesized via a typical precipitation 
method with the precursors of Co(NO3)2 and 2-methylimidazole in mixed solvent. Then, the ZIF-67 
polyhedrons are sintered in nitrogen. During this process, well-defined Co3O4-x-carbon hollow 
polyhedrons are formed by the carbonization of ZIF-67. Meanwhile, the surface of Co3O4 nanoparticles 
is reduced by the carbon matrix, forming oxygen vacancies there. In the last step, the as-formed Co3O4-
x-carbon hollow polyhedrons are ultrasonically dispersed in ferrous sulfate water solution. Interesting, 
Fe2-yCoyO3 not only heterogeneously nucleates on the defects of Co3O4-x nanoparticles, but also 
epitaxially grows into nanowires, forming the heterostructure. 
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Figure 6. 1. Schematic showing the growth process of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural 
hollow polyhedrons: (I) Formation of Co3O4-x-carbon hollow polyhedrons structures via two steps of 
annealing ZIF-67 hollow polyhedrons. (II) Nucleation of Fe2-yCoyO3 on the defects in Co3O4-x. (III) 
Epitaxial growth of Fe2-yCoyO3 nanowires on the surface of hollow polyhedrons to form Co3O4-x-
carbon@Fe2-yCoyO3 heterostructures.  
 
 
Figure 6.2. SEM images of (a, b) Co3O4-x-carbon hollow polyhedrons, (c, d) Co3O4-x-carbon@Fe2-
yCoyO3 heterostructural hollow polyhedrons. 
 
FESEM characterizations have been performed to investigate the morphology of the samples at each 
step of experiment. Figure S1 manifests the morphology of well-defined ZIF-67 polyhedrons. It can be 
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clearly observed that the polyhedral shape and the size of ZIF-67 particles are quite uniform. Some 
polyhedrons display open voids, which indicates the hollow structures. Figure 2 shows the SEM images 
of Co3O4-x-carbon hollow polyhedrons and Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow 
polyhedrons. As displayed clearly in Figure 2a and b, Co3O4-x-carbon maintains the size, hollow 
structure, and polyhedral shape of ZIF-67 after thermal treatment. With a thickness of about 20 nm, the 
Co3O4-x-carbon hollow polyhedrons are composed of carbon framework and tiny Co3O4-x nanoparticles 
with oxygen vacancies on the surface. After dispersion in the aqueous solution of ferrous sulfate, Fe2-
yCoyO3 nucleates on the defects of Co3O4-x nanoparticles, and then epitaxially grows into nanowires. As 
shown in Figure 2c and d, the polyhedral shape is retained well after solution-phase growth, while the 
surface becomes fluffy. As displayed clearly in Figure 2d, many tiny nanofibers can be observed on the 
surface of polyhedrons. Besides, open voids in some polyhedrons indicate the maintained hollow 
structures. The hierarchical shells are composed of Co3O4-x-carbon with Fe2-yCoyO3 nanowires grown 
on it. The composition of the composite sample is also investigated by EDS mapping. In Figure 3, EDS 
elemental mappings of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons is performed. 
The cobalt, carbon, iron, and oxygen elements are distributed homogeneously across the entire sample. 
Moreover, EDS mapping in high resolution in Figure S2 further confirms the uniform elemental 
distribution in individual polyhedron. The atomic ratio of Fe and Co is about 3:4. (Figure S2). TEM 
characterization is also used to further investigate the microstructure. Figure 4 presents the TEM and 
HRTEM images of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons. The TEM image 
in Figure 4a confirms the hollow structure of polyhedrons, which are composed of the polyhedrons-like 
framework with numerous tiny nanowires grown on it. In Figure 4b, the HRTEM image confirms the 
diameter of nanowires is around 3.5 nm. Besides, the high-resolution TEM image reveals that these 
nanowires are crystalline and the lattice fringes with d-spacings of 3.0 Å, which ascribed to (220) plane 
of Fe2-yCoyO3 (Figure S4, S5). The corresponding SEM images, EDS, and TEM images all clearly 
confirm the morphology and structural phase of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow 
polyhedrons. 
 
 
Figure 6.3. The EDS mapping of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons. 
 
To confirm the crystalline structure of the as-prepared samples, XRD measurements are carried out, 
as shown in Figure S3 and 5a. Figure S3 shows the XRD pattern of pristine ZIF-67. It is observed that 
the main diffraction peaks from (011), (002), (112), (222) planes, are in good accordance with previous 
report.21 After sintering in nitrogen gas, the XRD patterns of Co3O4-x-carbon hollow polyhedrons 
indicate ZIF-67 nanoparticles are totally converted into Co3O4, as displayed in Figure 5a. The XRD 
pattern of Co3O4-x-carbon hollow polyhedrons displays peaks at 19.2°, 31.5°, 36.8°, 44.8°, 59.4° and 
65.2° correspond to the (111), (220), (311), (400), (511) and (440) planes of Co3O4, respectively. In 
comparison with that of Co3O4-x-carbon hollow polyhedrons, the XRD pattern of Co3O4-x-carbon@Fe2-
yCoyO3 heterostructural hollow polyhedrons exhibits three more peaks at 9.8°, 19.5°, and 26.3°. The 
index of these three hkl peaks indicates the cubic symmetry with lattice parameters a = 9.1719(1) Å. 
Figure S4 illustrates the crystal structure of  Fe2-yCoyO3. Compared to the database, the highly 
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hypothetical model is Fe2-yCoyO3 with Ia3 space group (2-Mn2O3 cubic bixbyite), which is composed 
of FeO6 and CoO6 octahedrons. The XRD pattern of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural 
hollow polyhedrons (red curve) displays the crystallinity combination of Co3O4-x-carbon hollow 
polyhedrons and Fe2-yCoyO3 nanowires, suggesting the formation of Co3O4-x-carbon@Fe2-yCoyO3 
heterostructure. Furthermore, chemical composition and the content of each component are identified 
by XPS, as shown in Figure 5 (b-d). 
 
 
Figure 6.4. (a) TEM and HRTEM images of (b) Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow 
polyhedrons. 
 
The XPS is an ultra-sensitive tool to detect the surface properties of materials. The XPS survey 
spectra in Figure 5b indicates the presence of Co, O, and C in both Co3O4-x-carbon and Co3O4-x-
carbon@Fe2-yCoyO3 heterostructural samples. The presence of iron in red curve confirms the existence 
of Fe2-yCoyO3 in the heterostructural sample. The isolated peak at 398 eV is ascribed to N 1S. The 
presence of N is attributed to the residue from decomposition of ZIF-67 at 600 °C.29 Pyridinic N (401 
eV) and quaternary N (308 eV) related active sites can serve for the OER activity (Figure S6). 4, 30, 31 
The peak at 230 and 167 eV are ascribed to the S 2S and S 2p, respectively (Figure S6). The existence 
of S is ascribed to the residue of iron precursor FeSO4. The high-resolution Co 2p XPS spectra of the 
Co3O4-x-carbon and the heterostructural sample are given in Figure 5c and d, showing the peaks of Co 
2p3/2 and Co 2p1/2 at 780 and 796 eV, respectively. To further analyze the surface properties of the 
samples, the high-resolution Co 2p spectra of both Co3O4-x-carbon and the heterostructural sample are 
fitted to study the electronic states of cobalt with different valences (Figure 5c, 5e and Table S1, S2). 
The two fitted peaks for Co 2p3/2 are Co3+ (778.7 eV) and Co2+ (778.9 eV), respectively. The relative 
atomic ratio of Co2+/Co3+ on the surface of the Co3O4-x could be calculated through comparison of the 
area that fitted curve covers. It is calculated that the atomic ratio of Co2+/Co3+ (0.943) on Co3O4-x-carbon 
hollow polyhedrons, is higher than that of pure Co3O4 (0.736) (Figure S7), indicating that partial Co3+ 
ions are reduced into Co2+ during sintering in nitrogen, that is, surface oxygen vacancies are generated 
on the surface of Co3O4-x nanoparticles, which can be further confirmed by the high-resolution O 1s 
XPS spectra. Figure S10 shows one oxygen peak contribution of O 1s region from pure Co3O4 and 
Figure 5d presents three peaks contributions of O 1s region from the Co3O4-x-carbon hollow 
polyhedrons. In Figure S10, the peak at 529.4 eV is for typical metal-oxygen bonds. In Figure 5d, the 
O3 at the higher value of 532 eV resulted from reduction of Co3O4 during sintering, which is ascribed 
to the high binding energy peak from surface oxygen defect species. The existence of the O3 peak 
indicates the presence of oxygen vacancies on the surface of Co3O4-x nanoparticles. Previous study of 
DFT calculations demonstrates that the oxygen vacancies can introduce new defective states in the 
energy band gap of Co3O4 and two electrons on the defective states are excited, leading to enhancement 
of the electronic conductivity of Co3O4.23, 24 The oxygen vacancies on the surface of Co3O4-x 
61 
 
nanoparticles may enhance the electronic conductivity, provide more electrochemically active sites, and 
thus improve the electrocatalytic activity for OER.  
 
Figure 6.5. (a) XRD patterns, (b) XPS survey spectrums, and (c) Co 2p and (d) O 1s high resolution 
XPS spectrum of Co3O4-x-carbon hollow polyhedrons, and (e) Co 2p and (f) O 1s high resolution XPS 
spectrum of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons     
 
    The oxygen vacancies on the surface of Co3O4-x nanoparticles may not only contribute the 
conductivity but also serve as the heterogeneous nucleation sites for the growth of Fe2-yCoyO3 crystals. 
Figure 5e shows the Co 2p XPS spectrum of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow 
polyhedrons. In order to obtain accurate Co(II) and Co(III) content, Auger intensity of Fe has been 
subtracted from the overall peak intensity according to the stoichiometry shown in Figure S11. The 
molar ratio of Co(II) and Co(III) in Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons 
is calculated to be 0.59, which is much lower than that of Co3O4-x-carbon hollow polyhedrons (0.94).32 
Moreover, the Fe 2p spectrum in Figure S12 and Fe 2p3/2 spectral fitting parameters in Table S3 confirm 
Fe(Ⅲ) in Fe2-yCoyO3 compound.32 The increasing content of Co(III) and the appearance of Fe (III) 
(Figure 5b, S12) indicate the growth of Fe2-yCoyO3 crystals on the surface of polyhedrons. In addition, 
compared to the spin-orbit splitting between Co 2p3/2 and 2p1/2 in Figure 5c and e, Co3O4-x-
carbon@Fe2-yCoyO3 heterostructure exhibits smaller peak separation than that of Co3O4-x-carbon hollow 
polyhedrons. Based on previous reports 33-36, Co(Ⅱ) usually shows larger spin-orbit separation of 2p3/2 
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and 2p1/2 due to the multiplet splitting effects, which are absent for Co (Ⅲ). Within Co3O4-x-
carbon@Fe2-yCoyO3 heterostructure, the Fe2-yCoyO3 nanowires grown on the surface of Co3O4-x-carbon 
polyhedron contain rich Co (Ⅲ), therefore, the multiplet splitting effects from Co(Ⅱ) decrease, leading 
to decreased spin-orbit separation of 2p3/2 and 2p1/2. The growth process of Fe2-yCoyO3 nanowires is 
suggested as the following: when the Co3O4-x-carbon hollow polyhedrons are homogeneously dispersed 
in aqueous solution of ferrous sulfate for 20 hours, it is intriguing to found that Fe2+ ions are oxidized 
in water and slowly hydrolyze at room temperature, resulting in FeOOH and H+. The H+ ions can 
penetrate through amorphous carbon and react with partial Co3O4. Therefore, some Co3O4 nanoparticles 
are slowly dissolved. Afterwards, the defects sites on Co3O4-x nanoparticles are essential to trap the 
diffusing FeO6 and CoO6 units. As a result, the Fe2-yCoyO3 nucleates on the surface of hollow 
polyhedrons, and epitaxially grows into nanowires, forming the heterostructure.  In contrast to our 
previous work,23 the Co3O4-x-carbon hollow polyhedra in this method provide both nucleation sites and 
cobalt precursor for the growth of Fe2-yCoyO3 nanowires with high crystallinity. In order to investigate 
the effect of oxygen vacancies on the growth of Fe2-yCoyO3 nanowires, we also prepare 
Co3O4@amorphorous FeOOH nanowires by dispersing pure Co3O4 without oxygen vacancies into an 
aqueous solution of ferrous sulfate for 20 hours (The experimental procedure is described in detail in 
the supporting information). As we can see in Figure S13 and S14, without oxygen vacancies to serve 
as heterogeneous nucleation sites, FeOOH grows into amorphous nanowires via self-assembly of 
hydrolysis of Fe3+ and oxolation of FeO6 units.28     
The electrocatalytic activity for OER of the as-prepared pure Co3O4, Co3O4-x hollow polyhedrons, 
and Co3O4-x-carbon@Fe2-yCoyO3 heterostructural samples is investigated using a typical three-electrode 
system in 1 M KOH solution (pH = 14). Potential is measured versus the saturated calomel electrode 
(SCE) and presented versus RHE. Linear sweep voltammetry (LSV) curves are first measured for these 
OER catalysts, as displayed in Figure 6. The oxidization sweep curve of the Co3O4-x-carbon@Fe2-
yCoyO3 heterostructural hollow polyhedra (Figure 6a, red curve) exhibits the onset potential as low as 
1.52 V versus RHE, much lower than that of the Co3O4-x hollow polyhedrons (1.55 V, blue curve) and 
pure Co3O4 hollow polyhedrons (1.62 V, green curves). Furthermore, to reach the current density of 10 
mA/cm2, pure Co3O4 hollow polyhedrons require a potential of 1.73 V versus RHE, while Co3O4-x-
carbon hollow polyhedrons require 1.63 V, and Co3O4-x-carbon@Fe2-yCoyO3 heterostructure requires 
only 1.58 V, suggesting an excellent electrocatalytic performance of Co3O4-x-carbon@Fe2-yCoyO3 
heterostructure for OER. At a potential of 1.70 V versus RHE, the Co3O4-x-carbon@Fe2-yCoyO3 
heterostructure also exhibits an OER areal current density of 70 mA/cm2, which is much higher than 
the current densities of Co3O4-x-carbon hollow polyhedrons (35 mA/cm2), pure Co3O4 at the same 
potential (5 mA/cm2). The OER kinetics of the electrocatalysis above is further analyzed by their related 
Tafel plots, based on Tafel equation η =b*log (j), where η is the overpotential, b is the Tafel slope, j is 
the current density (Figure 6b). In Figure 6b, the Tafel slope of Co3O4-x-carbon@Fe2-yCoyO3 
heterostructure is calculated to be 37.6 mV/dec, much lower than that of Co3O4-x-carbon hollow 
polyhedrons (74.3 mV/dec) and pure Co3O4 (92.9 mV/dec). The lowest Tafel slope indicates fast 
catalytic reaction kinetics of Co3O4-x-carbon@Fe2-yCoyO3 heterostructure. The improved OER 
performance of is attributed to the high surface area of the heterostructure as well as excellent electronic 
conductivity of the Co3O4-x-carbon hollow polyhedron framework, which is further confirmed by the 
EIS results in Figure 6c. In order to investigate the OER kinetics occurring at the electrode/electrolyte 
interfaces, electrochemical impedance spectroscopy is used to measure the three samples (EIS, tested 
at 1.6 V vs. RHE, Figures 6d). EIS technology, one of the most powerful tools for studying 
electrochemical kinetics, can be used to investigate the processes occurring at the electrode/electrolyte 
interfaces. In the Nyquist plots, the charge transfer resistance (Rct) is related to the electrocatalytic 
kinetics and its lower value corresponds to the faster reaction rate, which can be obtained from the 
semicircle in the low frequency zone. The Rct value for Co3O4-x-carbon@Fe2-yCoyO3 heterostructure is 
about 8 Ω, which is much lower than that of Co3O4-x-carbon hollow polyhedron (13 Ω) and pure Co3O4 
nanocubes (51 Ω), suggesting the easiest electron transfer, and consequently, the most favorable OER 
kinetics at the interface. Moreover, to estimate durability, accelerated linear potential sweeps are 
conducted continuously for 6000 cycles on the Co3O4-x-carbon@Fe2-yCoyO3 heterostructure (Figure 6d). 
At the end of cycling, the catalyst shows similar polarization curve with a small shift of about 20 mV 
at j = 50 mA/cm2, exhibiting good stability in an alkaline environment. The loss of catalytic activity is 
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attributed to the slow catalyst dissolution during testing, which is commonly observed for Fe-based 
electrocatalyst.25, 37, 38 In crystalline Fe2-yCoyO3, the CoO6 octahedrons act as chemically stable host for 
Fe, improving the stability of Fe2-yCoyO3 nanowires. 
 
 
Figure 6.6. (a) The polarization curves, (b) Tafel plots, and (c) Nyquist plots of OER on Co3O4-x-carbon 
hollow polyhedrons and Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons, (d) the 
polarization curves of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons after 6000 
cycles. 
 
In addition, in comparison with most recently reported Co3O4-based electrocatalyst, our work 
demonstrates significantly lower onset potential and reduced Tafel slope.39, 40,  For example, Min et al. 
reported that Co3O4 thin film exhibits an overpotential of 377 mV with the Tafel slope of 58.1 mV/dec.40 
Moreover, Zhu et al. synthesized ultrathin iron-cobalt nanosheets that show an overpotential of 350 mV 
at a specific current of 10 mA/cm2, and a Tafel slope of 36.8 mV/dec.41 Fe2-yCoyO3 nanowires are crucial 
for the enhanced catalytic activity. The role of Fe in Co-based material is systematically studied in the 
work of Burke et al.42 Based on their conclusion, Co1−xFex(OOH) shows OER activity by ∼100-fold 
over that of pure CoOOH. Moreover, commercial RuO2/IrO2 sample usually exhibits an overpotential 
of 370-430 mV at 10mA/cm2. 41, 43-44 In contrast, our Co3O4-x-carbon@Fe2-yCoyO3 heterostructure 
exhibits an overpotential as low as 350 mV with the Tafel slope of only 37.6 mV/dec. 
The enhanced electrocatalytic performance of Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow 
polyhedrons is attributed to the following two reasons: First, the synergistic effect of Fe and Co in Fe2-
yCoyO3 mixed phase boosts the electrocatalytic activity. Specifically, in Fe2-yCoyO3 nanowires, Fe 
provides the main active sites due to the higher activity than Co.25 Furthermore, cobalt oxides provide 
high conductivity and stable scaffold, meanwhile iron oxides can be atomically dispersed, ensuring a 
large number of active sites for OER activity. Second, the synergic effect between Co3O4-x-carbon 
hollow polyhedron framework and integrated Fe2-yCoyO3 nanowires further improve the catalytic 
activity. To be specific, the Co3O4-x-carbon hollow polyhedrons not only act as the growth platform of 
Fe2-yCoyO3 nanowires, but also provide efficient electronic transportation. Fe2-yCoyO3 nanowires, grown 
directly on the polyhedrons can promote the permeability of electrolyte and provide very high surface 
area and abundant edges. 
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6.4. Conclusion 
 
In summary, Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons are rationally designed 
and fabricated via thermal treatment of zeolitic imidazolate frameworks (ZIF-67) followed by self-
assembly growth of Fe2-yCoyO3 nanowires. The as-prepared Co3O4-x-carbon@Fe2-yCoyO3 sample 
displays unique heterostructure composed of interior Co3O4-x-carbon hollow polyhedron framework 
that is integrated with exterior tiny Fe2-yCoyO3 nanowires. Due to such unique composition and 
architecture, Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons show significant 
improvements as a novel electrocatalyst for oxygen evolution reaction in alkaline electrolyte. The 
enhanced performance is attributed to the intrinsic high catalytic activity of Fe2-yCoyO3 nanowires and 
the unique heterostructural hollow nanostructure. The interconnected Co3O4-x-carbon polyhedron 
framework with oxygen vacancies provides abundant exposed active sites and efficient electronic 
transportation, and Fe2-yCoyO3 nanowires directly grown on the polyhedrons provide very high surface 
area and abundant edges. The resultant catalyst also demonstrates excellent durability during long-term 
cycling in the alkaline environment due to excellent stability of Co3O4-x-carbon@Fe2-yCoyO3 
heterostructure. Moreover, this material is prepared via a facile procedure using low-cost precursors 
and procedure, which can be easily extended to the preparation of other carbon coated metal nitride for 
a broad range of applications such as heterocatalysis, solar cells, fuel cells, and so on. 
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CHAPTER 7. REVERSIBLE ZINC ION INSERTION IN DEFECT-RICH MoS2-x 
NANOSHEETS7 
7.1. Introduction 
 
    In Chapter 2-6, several strategies have been developed to synthesize different nanostructured materials to 
be applied as advanced cathode or anode electrodes in lithium ion batteries. This Chapter 7 introduces the 
novel rechargeable aqueous zinc ion batteries. The zinc ion batteries are potential to be used as large-scale 
energy storage devices due to the low cost, high abundance, and environmentally friendliness. 
    For decades, lithium-ion batteries have been widely used in portable electronic devices due to the 
high energy/power density and long cycling life.1-3 However, numerous factors, (such as high cost, 
limited resources of lithium ions, and the safety issues due to the flammable and toxic organic 
electrolytes) seriously impede their large-scale application (stationary grid storage et al.), in which cost, 
safety, durability and environmental friendliness are considered greatly.4-6 The aqueous batteries based 
on earth abundant electrochemical charge carriers such as Na+, K+, and divalent cations of Mg2+, Zn2+, 
Al3+ have been considered as prospective alternatives, due to the abundant natural resources, 
environmental friendliness and high safety.7-10  Among them, batteries based on multivalent ions are 
attractive due to their superior theoretical volumetric energy densities. However, multivalent ion 
batteries still suffer from the scientific issues such as the design of appropriate cathode materials, 
matching electrolyte properties with suitable operating voltage windows, and realizing reversible 
multivalent ion stripping and deposition. Among multivalent ions, batteries based on zinc ion are 
particularly attractive due to the properties of small zinc ionic radii (0.74 Å) and earth abundance. In 
recent years, zinc ion batteries (ZIBs) are extensively studied as a promising candidate for large energy 
storage system due to the unique properties of zinc metal anode, such as the large specific capacity, 
high stability in aqueous electrolytes and high abundance. In spite of these promising aspects, the 
development of ZIBs has been seriously hindered by intrinsic limitations related to the intercalation 
chemistry of zinc ions. Divalent Zn2+ typically exhibits strong electrostatic interactions with the host 
lattice, which can result slow Zn2+ diffusion and inhibit reversible intercalation. 
    In the past few years, layered metal disulfides, such as WS2, SnS2, VS2, and MoS2, have attracted 
tremendous attention in battery research due to their large interlayer spacing. The layered structure in 
these materials facilitates the mass transport of various charge carriers and can also accommodate the 
volume variations during intercalation of ions. 2H-MoS2 is a popular member of layered metal 
dichalcogenides. The MoS2 crystal structure consists of trigonal prismatic coordination of six sulfur 
atoms connected with each molybdenum atom via covalent bonds. The MoS2 layer stacks along the c-
axis through van der Waals forces, with an interlayer distance of 0.62 nm. Such a large interlayer 
spacing of MoS2 nanosheets facilitates intercalation of various ions such as H+, Li+ (0.69 Å), Na+ (1.02 
Å), K+ (1.38 Å), Mg2+ (0.72 Å) and Zn2+ (0.74 Å), with excellent efficiency. When MoS2 is applied as 
electrode materials in lithium or sodium ion batteries, remarkable performances have been reported 
widely. For example, Chen et al has synthesized the MoS2/graphene composite via solution-phase 
method.11 The MoS2/ graphene composite exhibits high specific capacity of ∼1,100 mAh/g at a current 
of 100 mA/g. Mai et al. has developed methyl-functionalized MoS2 nanosheets with expanded interlayer 
spacing as anode material for sodium ion batteries.12 The expanded interlayer spacing can inhibit the 
lattice breathing and reduce volume change during cycling. Methyl-functionalized MoS2 nanosheets 
exhibit the specific discharge capacity of 64 mAh/g after 5,000 cycles at current density of 1 A/g. 
However, electrode materials that are electrochemically active towards lithium/sodium are usually 
inactive towards multivalent ions. The kinetic limitations related with strong Coulombic ion-lattice 
interactions have hindered the multivalent battery technologies, such as ZIBs. Therefore, it is necessary 
to develop new synthetic strategies to design materials that can insert zinc ions reversibly.13-18 
                                                          
7 This chapter 7 previously appeared as W. W. Xu, C. L. Sun, K. N. Zhao, X. Cheng, S. Rawal, Y. Xu, Y. Wang, Defect 
Engineering Activating (Boosting) Zinc Storage Capacity of MoS2. Energy Storage Materials. 2018, It is reprinted by 
permission of Elsevier. 
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Herein, we report the use of defect engineering to convert electrodes with poor electrochemical 
activities towards Zn into functionally active electrodes for zinc ion batteries. We demonstrate this 
strategy using the material 2H-MoS2. This widely studied metal disulfides can reversibly intercalate Li+ 
and Na+ ions but does not readily intercalate higher valence Zn2+ or Al3+ ions. Our DFT calculations 
have predicted that edges and sulfur vacancies are the primary adsorption sites where Zn atoms are 
stabilized relative to bulk Zn, while the pristine, defect-free basal plane cannot do so and is therefore 
predicted to be inert. Inspired by these results, we have developed defect-rich MoS2 as cathode materials 
for zinc ion batteries with fast kinetics. The defect-rich MoS2 nanosheets are prepared via a facile 
hydrothermal method followed by heat treatment. The defects on MoS2 nanosheets are carefully 
analyzed by STEM. Numerous edges sites and vacancies can be controllably created to accommodate 
Zn2+ intercalation, resulting in materials with greatly enhanced reversible capacities compared to 
crystalline MoS2. (Figure 1a) In addition, the expanded interlayer spacing resulted from stacking fault 
lead to enhanced Zn2+ ion diffusion and access to the active sites. (Figure 1b) At a high specific current 
of 1,000 mA/g, high specific capacity (88.6 mAh/g) and high reversibility (87.8%) can be maintained 
for 1,000 cycles, demonstrating remarkable electrochemical performance for the storage of Zn2+ ions. 
And the intercalation reaction mechanism has also been systematically explored by a series of XRD, 
and XPS measurements of orignal and intercalated MoS2 cathode materials. As such, the MoS2 
nanosheets are demonstrated as a very promising cathode material for application in zinc ion battery, 
which is a prospective large-scale energy storage device due to its low cost and envriomental safety. 
 
 
Figure 7.1. Schemetic illustration of (a) the defect-rich and defect-free structure and (b) the stacking-
fault and stacking-free structure. 
7.2. Experiments 
 
Synthesis of Defect-Rich MoS2 Nanosheets: 1.16 g (NH4)6Mo7O24·4H2O and 2.28 g thioacetamide were 
dissolved in 70 mL deionized water under continuous stirring at room temperature for 30 minutes. The 
solution was then transformed into a 100 mL Teflon-lined autoclave and heated at 200°C for 18 h. After 
the autoclave was cooled to room temperature naturally, the black product was collected by centrifuge, 
rinsed with water and alcohol several times and dried overnight at 70 °C. Finally, the MoS2 nanosheets 
were obtained by annealing the black product in argon gas at 250 °C for 2 h with a heating rate of 5 °C 
min-1. The obtained defect-rich MoS2-x nanosheets are henceforth referred to as MoS2-x 250. 
Synthesis of Defect-Free MoS2 Nanosheets: MoS2 nanosheets with high crystallinity were prepared by 
sintering the defect-rich MoS2 nanosheets in argon atmosphere at 750 °C for 2 hours with a heating rate 
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of 5 °C min-1. The obtained defect-free MoS2 nanosheets are henceforth referred to as MoS2 750. Hence, 
defect modulations can be simply achieved by adjusting the sintering temperature. 
 
7.3. Characterization 
 
Crystallographic structure of the samples was determined by Rigaku MiniFlex X-ray diffraction (XRD) 
measurement with Cu Kα radiation (λ = 1.5405 Å) in a 2θ range from 5° to 90° with scanning rate of 
1 °/min. The chemical states of the products were studied by X-ray photoelectron spectroscopy (XPS). 
XPS data were collected on an AXIS165 spectrometer using a twin-anode Al Kα (1486.6 eV) X-ray as 
the excitation source with the charge neutralization function being turned on. Energy dispersive 
spectroscopic (EDS) as well as sample morphology were characterized by a FEI Quanta 3D FEG field 
emission scanning electron microscopy (FESEM) and a JEM-1400 transmission electron microscope 
(TEM). Scanning transmission electron microscopy (STEM) imaging was performed on an FEI Titan 
with CEOS probe aberration corrector operated at 200 kV with a probe convergence angle of 24.5 mrad, 
spatial resolution of 0.08 nm, and probe current of ≈65 pA. 
 
7.4. Electrochemical Measurements 
 
The working electrode was prepared by mixing the as-prepared MoS2 nanosheets, carbon black and 
poly(tetrafluoroethylene) (PTFE) binder at a weight ratio of 6:3:1 in isopropyl alcohol. Then, the slurry 
was evenly grinded, tableted, dried at 70°C, and cut into Φ10 mm electrodes. CR2032-type coin cells 
were assembled, using zinc foil as the counter electrode, glass fiber membrane as the separator, and 3 
M zinc trifluoromethanesulfonate dissolved in water as the electrolyte, then followed by 12 h aging 
treatment before electrochemical measurements. Galvanostatic charge/discharge experiment were 
carried out on an eight-channel battery analyzer (MTI Corporation) between 0.25 V and 1.25 V vs. 
Zn/Zn2+. Cyclic voltammetry (CV) measurements were conducted on an electrochemical work station 
(CHI 6504C) over the potential range of 0.25-1.25 V vs. Zn2+/Zn at 0.1 mV/s scanning rate. 
Electrochemical impedance spectroscopy (EIS) measurements were operated by applying an AC 
potential of 5 mV amplitude in the frequency range from 0.01 to 100 kHz. 
 
7.5. Denisty functional theory calculations 
 
Periodic DFT calculations were performed using the optB86b-vdW1-3 functional as implemented in 
the Vienna Ab initio Simulation Package (version 5.4).4-5 The Kohn-Sham valence states [Mo(4p,4d,5s), 
S(3s,3p), Zn(3d,4s)] were expanded in a planewave basis with a cutoff energy of 500 eV, whereas the 
core electrons were described using the projector augmented wave method.7 A first-order Methfessel-
Paxton scheme was used to smear the electronic states with a width of 0.1 eV, and all total energies 
were extrapolated to 0 K. For the 2H phase, the optimized optB86b-vdW lattice constants were a=3.168 
Å and c=12.365 Å, vs. the experimental values of 3.160 and 12.294 Å.20 The periodic MoS2 bulk and 
freestanding monolayer (ML) 2H basal planes were modeled with a (4×4) surface unit cell in the xy 
plane.  The freestanding monolayer was separated by a vacuum of 20 Å along the z axis from 
neighboring images. The (101̅0) Mo edge (“Mo edge”) and   (1̅010) S edge (“S edge”) were modeled 
with a freestanding 4 Mo atom-wide ML ribbon, with an edge-to-edge separation in the y direction and 
a plane-to-plane separation in the z direction between periodic images of the ribbon both of 20 Å. 
Electrostatic decoupling was applied in the z direction for the freestanding ML systems. The reciprocal 
space was sampled on a 4×4×1 Monkhorst-Pack k-point grid.  In geometry optimization all atoms were 
allowed to fully relax until the maximum force in all relaxed degrees of freedom fell below 0.05 eV/Å. 
The stability of an adsorbed/intercalated Zn atom (ΔG) was approximated as: 
  ∆𝐺 = 𝐸𝑠𝑦𝑠𝑡𝑒𝑚+𝑍𝑛 − 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 −
1
2
𝐸𝑍𝑛                                                  (1) 
where Esystem+Zn is the total energy of MoS2 with a Zn atom adsorbed/intercalated, and Esystem and EZn 
are the total energy of the MoS2 system under consideration without any Zn atom, and the total energy 
of bulk Zn in the hcp phase (2 atoms per unit cell), respectively. The optimized lattice constants and 
cohesive energy of bulk hcp Zn were calculated to be a=2.613 Å and c=5.048 Å, and 1.27 eV/atom 
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respectively (500 eV cutoff energy, 15×15×15 Monkhorst-Pack k-point grid), in good agreement with 
the experimental values of a=2.66 Å and c=4.95 Å, and 1.35 eV/atom. 
 
7.6. Results and Discussion 
 
Theoretical calculations 
We began by theoretically evaluating the stability of a Zn atom on different MoS2 sites, including 
defect-free and defective (i.e. with S vacancies) freestanding ML basal plane, defect-free and defective 
basal plane within bulk MoS2, and the S dimer-saturated Mo edge and S edge. Previous work by 
Nørskov and coworkers showed that both the Mo edge and the S edge are preferentially terminated by 
S monomers under low S chemical potentials, so we also considered the S monomer-terminated as well 
as bare Mo and S edges.24 The results are compiled in Table 1.  It is apparent that Zn adsorption is not 
thermodynamically favorable without multiple defect sites per Zn atom, which suggests that discharging 
Zn to a MoS2 cathode requires defects in MoS2. Considering that a high percentage of S atoms is missing 
in our MoS2-x 250 sample (see below), we conclude that the sample likely contains a significant amount 
of defects in basal planes as well as bare or partially sulfided edges, which is corroborated by STEM 
evidence below.  Thus, we conclude that the MoS2-x 250 sample would constitute a more active cathode 
material than bulk crystalline MoS2. 
 
Table 1: DFT-calculated (optB86b-vdw) stability of a Zn 
atom (in eV) on various MoO2 sites. 
Site G 
a. On defect-free ML basal plane  +1.05 
b. On defect-free basal plane in bulk +1.42 
c. In S point vacancy in ML basal plane +0.75 
d. In S point vacancy in basal plane in bulk +0.10 
e. In S3 vacancy cluster in ML basal plane -0.01 
f. In S3 vacancy cluster in basal plane in bulk -0.61 
g. On S dimer-terminated Mo edge +0.53 
h. On S monomer-terminated Mo edge +0.56 
i. On bare Mo edge  -0.15 
j. On S dimer-terminated S edge +0.43 
k. On S monomer-terminated S edge +0.82 
l. On bare S edge -0.20 
See Figure S1 for snapshots of these structures. 
Synthesis and material characterization 
To test this hypothesis drawn from the DFT calculations, we synthesized a MoS2-x sample with high 
concentrations of edge sites and sulfur vacancies. We synthesized the sample by designing a 
hydrothermal reaction with a high concentration of thioacetamide and followed with different sintering 
temperature to control the defect modulation in the as-formed MoS2-x nanosheets. To achieve the defect-
rich structures, excess thioacetamide was employed as both the vulcanizing agent and the efficient 
additive to stabilize the thin nanosheet morphology. Therefore, the excess thioacetamide can be 
adsorbed on the surface of primary nanocrystallites, which can hinder the oriented crystal growth and 
lead to the formation of a defect-rich structure. In contrast, defect-free MoS2 nanosheets was prepared 
via subsequent high-temperature sintering to remove the extra thioacetamide and enhance the 
crystallinety. 24 
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Figure 7.2. STEM imaging of (a-e) defect-rich and (f, g) defect-free MoS2 nanosheets. (a) low-
magnification image, (b) cross-sectional image (c) HAADF STEM images (SAED inset), Low-
magnification (d) HAADF and (e) ABF STEM image with a profile plot of a line of atoms (red 
rectangle), which exhibit a clear intensity variation both of atomic columns and dark patches in between. 
(f) cross-sectional image (low-magnification image inset) and HAADF STEM images (SAED inset) of 
defect-free MoS2 nanosheet. 
The crystal structures of both defect-rich and defect-free samples were studied by XRD. As shown in 
Figure S3a, all the characteristic peaks are identical with the standard card (JCPDS NO. 01-073-1508), 
revealing high purity of the products. In the XRD pattern of defect-rich MoS2-x nanosheets, the 
diffraction peaks are obviously broadened, suggesting the nanoscale of the crystallites in every 
dimension. In addition, as we can see in Figure S3, compared with MoS2 750, the 002 peaks of defect-
rich MoS2-x is shifted to a lower degree, indicating the expanded interlayer distance of nanosheets. The 
morphology and microstructure of the as-prepared defect-rich MoS2-x are confirmed by FESEM images, 
TEM and high-resolution transmission electron microscopic (HRTEM) images. As shown in Figure S2b, 
the MoS2-x nanoflowers are assembled by nanosheets with a lateral size in the range of 200-500 nm. 
The morphology of MoS2 750 shown in Figure S4 is quite similar to that of MoS2-x 250. The EDS 
mapping is used to study the stoichiometry of Mo and S. As shown in Figure S2c (SEM-EDS), the 
elemental maps of Mo and S are distributed homogeneously in the entire sample, revealing 
compositional uniformity of the MoS2-x nanosheets. Moreover, the results clearly indicate that the ratio 
of Mo and S element is about 1 : 1.5, implying the existence of a significant amount of sulfur vacancies 
or molybdenum insterstitials in MoS2-x nanosheets. The TEM image in Figure S2d shows that the MoS2-
x 250 nanosheets, with a lamellar thickness of around 5 nm, are quit uniform. The d-spacings calculated 
from the selected area electron diffraction (SAED) patterns are 6.35, 2.98, 2.48 and 1.65 Å (Figure S2e), 
which correspond to the d-spacings of (002), (100), (103), and (105) crystal planes of MoS2. HRTEM 
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images in Figure S2f display MoS2-x nanosheets with a d-spacings of 6.86 Å, corresponding to the (002) 
plane of hexagonal MoS2.  
 Atomic-resolution images of MoS2 nanosheets, obtained from high-resolution scanning transmission 
electron microscope (STEM), allow direct visualization of the defects on MoS2-x 250 sample. Figure 2a 
and b show the low-maginification and cross-sectional image of MoS2-x 250. The careful investigation 
of the cross-sectional image in Figure 2b reveals that individual (100) planes on the basal surface are 
not the same, with slight shift or rotation from each other, which indicates the stacking fault of (100) 
planes and a relatively disordered atomic arrangement on the basal surface. The stacking fault of (100) 
planes leads to significantly increased edges sites and the slight expansion on interlayer spacing (0.686 
nm). In addition, the disordered atomic arrangement causes the cracking of the basal planes and thus 
results in the formation of additional edges or boundaries. Figure 2c and d display the high-angle annular 
dark-field imaging (HAADF) STEM images of a MoS2-x 250 sample. In Figure 2c, a relative 
misorientation of 11° is formed on a single, contiguous (100) plane of MoS2-x, forming a low-angle tilt 
boundary, where the rotation axis is parallel to the boundary plane. The uniform atomic scattering 
intensities indicates that the boundary is composed of molybdenum atoms. The corresponding Fourier 
transform pattern clearly shows several discontinuous diffraction arcs, which is characteristic neither of 
a single crystal with six diffraction spots nor of a polycrystal in the form of diffraction cycles. This 
observation is attributed to high concentrations of defects in MoS2-x nanosheets. Moreover, the existence 
of Mo interstitial defects is also confirmed in Figure 2d. In Figure 2d, the variation in atomic column 
intensity corresponds to a variation in the Mo atomic occupation, and hence points to the presence of 
molybdenum insterstitials. The intensity variation and dark contrast between atomic columns is 
emphasized in the profile. In addition, the intensity variation of sulfur atomic columns in annular bright-
field (ABF) STEM image also confirms the presence of sulfur vacancies. Compared to the defect-rich 
structure of MoS2-x 250, the HAADF STEM images in Figure 2f and g confirm the defect-free structure 
of MoS2 750. From the cross-sectional image in Figure 2f, the continuous planes and uniform interlayer 
distance (0.666 nm) indicate the ordered atomic arrangement. Also, the clear six diffraction spots in the 
Fourier transform pattern in Figure 2g confirm the monocrystalline nature of MoS2 750 nanosheets. 
From the analysis of atomic-level STEM images, the novel defect-rich structure of MoS2-x 250 can be 
determined. This structure could significantly increase diffusion rate of zinc ions due to the efficient 
pathways on numerous edges, boundaries and defects, which can reduce the energy barriery 
remarkablly.25-26 Moreover, the remaining periodicity (sixfold symmetry) on basal planes partially 
retains the electron conjugation on S-Mo-S layers, leading to better internal conductivity than 
thoroughly polycrystalline or amorphous MoS2, which also benefits the battery activity.  
Electrochemical properties 
To evaluate the electrochemical properties of MoS2 nanosheets as cathodes for zinc ion batteries, 
CR2032 coin-type cells based on MoS2 250/750 are assembled and tested for electrochemical cycling 
respectively. Figure 3a and b display the charge and discharge curves and rate performance of defect-
rich MoS2-x nanosheets at different specific currents ranging from 100, 200, 500, 1000, 2000 to 100 
mA/g. On the initial discharge curve at 100 mA/g, the average voltage is at 0.6 V vs.  Zn2+/Zn, 
corresponding to the intercalation of zinc ions into the interlayer structure of defect-rich MoS2-x crystals, 
and with which the most stable Zn adsorption site as predicted by the optB86b-vdW functional comes 
in reasonable agreement (-(-0.61 eV / 2e) = 0.31 V vs. Zn/Zn2+ for a Zn atom intercalated in a S vacancy 
cluster in the basal plane; see Table 1). As for the charge curve, the main anodic plateau located at 1.1V 
is supposed to be the extraction of zinc ions. The initial discharge and charge capacity of defect-rich 
MoS2-x nanosheets are 128.23 and 135.60 mAh/g, revealing reversible intercalation/ deintercalation of 
~0.36 zinc ions per formula. As the rate performance displayed in Figure 3b, the specific discharge 
capacities are 138.6, 125.5, 112.8, 95.6 and 80.8 mA/g at specific current of 100, 200, 500, 1000, and 
2000 mA/g, respectively. Even though the current rate goes back from 2000 to 100 mA/g, its discharge 
capacity is quickly recovered to a reversible capacity of 135.5 mAh/g and maintains a good capacity 
retention for extended cycling, showing remarkable rate capability. 
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Figure 7.3. (a) Charge and discharge curves and (b) rate performance at specific currents ranged from 
100, 200, 500, 1000, 2000 to 100 mA/g, (c) cycling performance at 200 mA/g, (d) long-term cyclic 
properties at specific current of 1000 mA/g. (e) CV curves at different scan rate, (f) Randles-Sevcik plot 
obtained from the voltammetric data, (g) the contribution ratio of the capacitive capacities and diffusion-
limited capacities 
 
On the contrary, very low capacity of defect-free MoS2-x nanosheets at even low current density at 
100 mA/g indicate poor electrochemical performance. In addition, the Coulombic efficiency at different 
specfic currents is also investigated. The high Coulombic efficiency of around 100% indicates fully 
reversible electrochemical reaction in the zinc ion batteries. Figure 3c presents the cycling performance 
and corresponding coulombic efficiency of defect-rich MoS2-x nanosheets at a specific current of 500 
mA/g for 600 cycles. As shown in the cycling data, the initial discharge capacity is 98.2 mAh/g and the 
capacities gradually increase in the first few hundred cycles, which is due to the activation of the 
electrode materials. After 600 cycles, defect-rich MoS2-x nanosheet still delivers a discharge capacity of 
102.4 mAh/g, with the coulombic efficiency approaching 100% in all the cycles, indicating remarkable 
cycling stability. Moreover, the long cycling performances of defect-rich MoS2-x nanosheets is furthur 
tested at a very high rate of 1,000 mA/g for 1,000 cycles, as shown in Figure 2d. It can be seen that 
defect-rich MoS2-x nanosheets deliver an initial capacity of 100.9 mAh/g and maintain 88.6 mAh/g after 
1,000 cycles with a capacity retention of 87.8%, demonstrating extraordinary cycling stability at high 
charge/discharge rates. In contrast, defect-free MoS2-x nanosheets shows very low capacity of around 5 
mAh/g, indicating few active sites. To confirm fast electron transport, EIS technology is employed to 
study the electrochemical impedance occurring at the electrode/electrolyte interfaces and 
intercalation/extraction of Zn2+ ions within electrode materials in batteries. In the Nyquist plots in 
Figure S7, the defect-rich MoS2 electrode shows a charge transfer resistance as low as around 40 Ω, 
indicating faster charge transfer at the electrode/electrolyte interface. In order to further investigate the 
the electrochemical mechanism of defect-rich MoS2 electrode during zinc ion intercalation/de-
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intercalation processes, CV curves are measured at different scan rates ranging from 0.1 to 5.0 mV/s. 
As displayed in Figure 3e, at 0.1 mV/s, there is one pair of cathodic/anodic peaks located at 0.6/1.1 V, 
which is consistent with the plateaus of the discharge and charge curves above. With the increasing scan 
rates from 0.1 to 5.0 mV/s, the anodic peak shifts to higher potential and the cathodic peak shifts to 
lower potential, which is due to an increase of the diffusion resistance at the increased scan rate. An 
effective method to analyze the electrochemical kinetics is described as the equation below: 
i = aνb                                       (1) 
In this equation, a and b are constants, ν is the scan rate (V/s) and i is the current (A). In general, the 
coefficient b represents the type of electrochemical charge storage reaction.  The value of b varies 
between 0.5 and 1. If b equals 0.5, the charge storage is dominated by semi-infinite linear diffusion 
(diffusion-limmited process); while if b equals 1, it is capacitive (surface capacitive process). To solve 
the b values, the relationship of log(i) versus log(v) is ploted, as shown in Figure 3f. The b-value 
calculated by the slope of the anodic peak (1.1 V) is 0.83, indicating the capacity from both diffusion 
and capacitive behaviours. Moreover, equation i = aνb can be divided into two parts to furthur identify 
the capacitive (k1ν) and diffusion (k2v1/2) contributions:27-28 
 
i = k1ν + k2ν1/2                           (2) 
or 
i / ν1/2 = k1ν1/2 + k2                     (3) 
 
In these two equations, the values of k1 and k2 represent the capactive and diffusion-limited 
contributions respectively. Figure 3g shows the results of the contribution ratios at different scan rates. 
For example, at the scan rate of 0.1 mV/s, ～65.5% of the capacity is contributed by diffusion properties, 
revealing that the electrochemical reactions of MoS2-x is dominated by the diffusion process. With the 
increase of scan rate, the contribution ratios of capacitive increase.  
In order to investigate the electrochemical storage mechanism of MoS2/Zn battery, the ex-situ XRD, 
and ex-situ XPS are carried out during cycling. Figure S7 displays the XRD patterns of the MoS2 
electrode at different charge/discharge states of the initial cycle. As we can see in Figure S7, there is no 
obvious change of all the main peaks, indicating that there is no obvious expansion in the layered 
structure of MoS2 nanosheets during the charging/discharging process. This phenomenon furthur implys 
that zinc ions intercalate on the edge sites and surfur vacancies instead of the interlayer spacings. In 
order to further study the chemical compositions and valence states of the electrode, ex-situ XPS spectra 
of MoS2 are conducted at different applied potentials during the initial cycling test at 100 mA/g. Figure 
4a shows the Mo 3d spectra of pristine MoS2 in the original state, insertion, and extraction states. At 
initial state, Mo 3d spectrum can be developed into four bands. The two prominent bands at 232.1 and 
229.0 eV, with a energy separation of 3.1 eV, attribute to Mo 3d3/2 and Mo 3d5/2, respectively. The band 
located at 226.0 eV corresponds to S 2s. And the peak at 235.6 eV is attributed to Mo (Ⅵ). With the 
insertion of Zn2+ ions, the peak at 235.6 eV disappears, indicating the reduction state of Mo atoms. With 
the extraction of Zn2+ ions, the peak at 235.6 eV recovers to its original position, reveraling the 
reversable insertion/extraction reaction mechanism. In Figure 4b and c, the high-resolution ex-situ Mo 
(Ⅵ) 3d3/2 spectra during discharging and charging are furthur analyzed. With the initial discharge to 
0.25 V, the intensity of Mo (Ⅵ) 3d3/2 peak at 235.6 eV gradually decreases from state I to VI, indicating 
the graduate reduction of Mo valance state. On the contrary, when charged from 0.25 to 1.25 V, the peak 
at 235.6 eV gradually strengthens to its initial intensity, suggesting the oxidization of Mo to its original 
valance (Ⅵ). Moreover, the intensity of Zn 2p core level spectra at various state are furthur studied. As 
shown in Figure 4d, the intensity of Zn 2p at extration states is far below that at insertion state, furthur 
proving the insertion/extration of Zn2+ ions into/from the defect-rich MoS2-x crystals. Figure 4e displays 
the ex-situ S 2p spectra during the initial cycling test. There is no obvious change about the S 2p peak, 
indicating the stable Mo-S bonding during charge and discharge.   
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Figure 7.4. (a) Mo 3d spectra of MoS2 electrode collected at various states. (b), (c) ex-situ Mo6+ 3d3/2 
spectra during charging and discharging at 100 mA/g. (d) Zn 2p core level spectra of MoS2 electrode in 
original, insertion, and extraction states. (e) ex-situ S 2p spectra during charging and discharging at 100 
mA/g. 
    Consequently, the electrochemical mechanism of the MoS2-x/Zn battery is illustrated in Figure S8 and 
the reaction can be formulated as follows: 
              In the cathode: MoS2-x + 0.36Zn2+ + 0.728e- = Zn0.36MoS2-x                              (4) 
              In the anode: Zn2+ + 2e- =Zn                                                                               (5) 
During the discharge process, Zn2+ ions are intercalated into the defect-rich MoS2-x. The content of Zn2+ 
ions is calculated based on the discharging curve cycled at a current density of 100 mA/g. The phase 
transition from MoS2-x to Zn0.36MoS2-x occurs in the voltage range of 1.25-0.25 V, providing tremendous 
contribution to the discharge capacity. During charging process, Zn2+ ions are extracted from 
Zn0.36MoS2-x to form the MoS2-x phase gradually. 
 
 
7.7. Conclusion 
 
In conclusion, MoS2-x/Zn batteries have been designed and constructed for the first time.  We have 
demonstracted that introducing defects unlocks the electrochemical activity of electrode materials 
towards zinc ions. Numerous edge sites and sulfur vacancies can readily accommodate intercalated Zn2+ 
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ions, resulting in materials with greatly enhanced reversible capacities. These defect-rich MoS2-x 
nanosheets present remarkable activity for the insertion/extraction of Zn2+ ions. At the specific current 
of 100 mA/g, the defect-rich MoS2 nanosheets deliver a high reversible capacity of 135 mAh/g, 
corresponding to the insertion/extraction of 0.36 Zn2+ ions per mole of MoS2. Moreover, the battery 
exhibits excellent capacity reversibility at high rate. After 1,000 cycles at the specific current of 1,000 
mA/g, the defect-rich MoS2 electrode can still deliver a high reversible capacity of 88.6 mAh/g, with a 
capacity retention as high as 87.8%. As such, the defect-rich MoS2-x is demonstrated as a promising 
cathode material for application in zinc ion battery. Moreover, the use of defect chemistry to design 
advanced electrode materials for multivalent-ion batteries can exploit a large range of materials. 
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CHAPTER 8. ELECTROCHEMICAL ACTIVATED MoO2/Mo2N 
HETEROSTRUCTURED NANOBELTS AS SUPERIOR ZINC RECHARGEABLE 
BATTERY CATHODE8 
8.1. Introduction 
 
    In Chapter 7, defect-rich MoS2-x nanosheets electrodes has been studied as novel cathode in zinc ion 
batteries. This Chapter 8 introduces the MoO2/Mo2N heterostructured nanobelts synthesized via 
electrochemical activation as superior zinc rechargeable battery cathode. 
Energy crisis and environmental pollution have stimulated the increasing research interests in energy-
storage devices worldwide.[1-4] Since lead-acid battery was first invented 150 years ago, various types 
of rechargeable batteries have been developed, such as nickel cadmium battery, nickel metal hydride 
and lithium ion batteries (LIBs).[5-8] Due to the advantages of high energy density, long cycle life, and 
light weight, LIBs have been widely used as commercial energy storage devices in portable electronics 
for several decades. However, many factors including limited lithium resources, safety issues, high cost 
et al. hinder future large-scale applications of LIBs, especially for stationary grid storage, where 
durability, low cost, and safety need to be considered. Recently, tremendous research efforts have been 
focused on aqueous rechargeable batteries using naturally abundant alkaline ions (Na+, K+) and divalent 
cations (Zn2+, Mg2+) as charge carriers.[9-13] The aqueous zinc ion batteries (ZIBs) are particularly 
attractive due to the unique properties of zinc anode, such as low cost and high abundance of zinc metals, 
stability in aqueous electrolytes, environmental benignity, and high safety. However, the development 
of rechargeable zinc batteries is seriously impeded by the limited choices of suitable cathode materials. 
Polymorphs manganese dioxide (MnO2) and Prussian blue analogues have been explored as cathode 
materials for ZIBs. However, MnO2 cathode suffers from poor rate performance and rapid capacity 
fading due to its inherent low conductivity, while Prussian blue delivers limited capacity (around 50 
mAh/g) and suffers from oxygen evolution at high operation voltage (around 1.7 V vs. Zn).[14-18] 
Therefore, searching for novel electrode materials that are durable, high-capacity, and suitable voltage 
window is crucial to the development and breakthrough of realizing practical high-performance ZIBs. 
As a typical transition metal oxide, molybdenum oxide has been intensively studied for decades as 
varies ion hosts (such as Li+, Na+ and so on) for fundamental research due to their unusual 
chemical/physical properties produced by the multiple valence states.[19-20] Mo-based electrode recently 
has been studied in ZIBs. It has been demonstrated that MoO3 and MoS2 can deliver extremely high 
initial reversible capacity up to 200 mAh/g and 110 mAh/g, respectively.[21] The high capacity is rarely 
achieved in zinc battery system. Thus, it is quite promising as zinc battery cathode. However, they both 
show quick capacity fading and their cycle life is limited to only 1-5 cycles. Thus, it is imperative to 
investigate the reaction mechanism and mitigate the capacity fading and realize the long-cycle life zinc 
battery. Taking a look back into Mo-based electrode for lithium battery, the Mo-based electrodes are 
reported to undergo the intrinsic slow kinetics and structural degradation during ion insertion/de-
insertion.[22] Thus, it is expected that the capacity fading issue can be addressed by carful design of the 
electrode. 
Herein, we report an electrochemical activation process to fabricate MoO2/Mo2N heterostructured 
nanobelts as zinc ion battery cathode for the first time. During the electrochemical activation process, it is 
found that the MoO2 grains are in-situ formed in Mo2N nanobelts matrix.[23] (Figure 1a) The generated MoO2 
grains can not only accommodate the intercalated zinc ions, leading to the significantly increased capacity, 
but also provide high electronic conductivity, to improve the rate capabiliy. Moreover, the Mo2N matrix can 
protect the MoO2 grains from structural degradation during cycling and dissolution in the slight acidic 
electrolyte condition. Based on the synergic effect of MoO2 and Mo2N, the designed MoO2/Mo2N 
heterostructured nanobelts deliver a high reversible capacity of 113 mAh/g for 1000 cycles at high current 
                                                          
8  This chapter 8 previously appeared as W. W. Xu, K. N. Zhao, Y. Wang, Electrochemical Activated MoO2/Mo2N 
Heterostructured Nanobelts as Superior Zinc Rechargeable Battery Cathode. Energy Storage Materials. 2018, 15, 374-379, It 
is reprinted by permission of Elsevier. 
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density of 1 A/g, exhibiting high rate capability and long-term cyclic stability. This study provides a new 
strategy for metal nitride for potential applications as aqueous zinc battery cathode. 
 
 
Figure 8.1. (a) Schematic illustration of the evolution and formation process of porous MoO2/Mo2N 
heterostructured nanobelts on long-term cycling. (b) The zinc-intercalation induced activation and 
stabilization process and cycling performance. (c) The Nyquist plots after different cycles.  
 
8.2. Results and Discussion 
 
The synthesis procedure is schematically depicted in Figure S1. Well-defined MoO3 nanobelts (Figure 
S2a, S2b) are first synthesized by a facile hydrothermal method and used as the precursor. Afterwards, thermal 
treatment is applied in ammonia gas to convert the as-formed MoO3 nanobelts to porous Mo2N nanobelts 
(Figure S2a). During this annealing, nitridation reaction is processed involving N3−/O2− exchange, yielding a 
fully nitridated Mo2N.[24] Meanwhile, due to the large volume contraction during the conversion from 
hexagonal MoO3 crystal structure (unit cell volume: 203.0 Å3) to cubic Mo2N (unit cell volume: 72.1 
Å3), void and pores are formed in the Mo2N nanobelts. As a result, Mo2N monocrystalline nanobelts 
with porous can be obtained. The porous structure and monocrystalline nature are verified by TEM and 
HRTEM images and corresponding SAED pattern shown in Supplementary Figure S2c-S2f. Then, the 
as-obtained porous Mo2N nanobelts were prepared as cathode electrode and assembled in zinc ion batteries 
for electrochemical activation.  
 
8.2.1. Electrochemical Activation.  
 
The process of electrochemical activation is illustrated in Figure 8.1, consisting of three stages. Initial 
capacity fading occurs first, decreasing from 48.2 mAh/g (at the first cycle) to 45.4 mAh/g (at the 30th 
cycle) at a current density of 1.0 A/g. After capacity fading to the lowest value at the 30th cycle, 
continuous high rate cycling activates the electrode materials, leading to the continuously increased 
storage capacity during the subsequent cycles (Figure 8.1b). The activated capacity reaches 114.4 
mAh/g in the 500th cycle at 1 A/g, over two times higher than that of the initial capacity (48.2 mAh/g). 
Nyquist plots at different cycles are shown in Figure 1c. The Rct values are 480, 260, 280, 160 and 150 Ω at 
1st, 100th, 200th, 300th and 500th cycle, respectively. The charge transfer resistance gradually decreases in the 
initial 300 cycles and then stable onwards, indicating the battery system become stabilized after 300 cycles. 
 
8.2.2. Electrochemical activation-induced phase evolution. 
 
This interesting electrochemical activation process is carefully investigated. We use XRD, SEM, TEM and 
XPS, to characterize the surface electronic state, composition and structural evolution of Mo2N 
electrodes during cycling in zinc ion batteries. Figure 8.2a displays the XRD patterns of the Mo2N 
electrode at initial state, after 200 and 500 cycles. The intensity at 37.3, 43.4, 63.0 and 75.6° decreases 
dramatically after cycling which corresponding to the characteristic Mo2N (111), (200), (220) and (311) 
planes, respectively. This is attributed to the decrease of crystallinity. The broad peaks at 26, 37, 53° gradually 
appears after 500 cycles, corresponding to the (110), (101) and (220) planes of tetragonal MoO2 (JCPDF 
card no. 00-002-0422), which indicates the formation of MoO2.[25] Figure S8 shows the SEM images of 
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the formed MoO2/Mo2N. The porous nanobelt morphology are retained well after the electrochemical 
activation. The EDS mapping in Figure S9 shows the molar ratio between O and N is about 2.54:1. The 
increase of oxygen content is also confirmed by XPS. Figure 8.2b displays the O 1s core level XPS spectra 
of Mo2N electrodes at initial state, after 200 and 500 cycles. Compared with the XPS spectra at initial 
state, the intensity of O 1s peak after 500 cycles is much higher, indicating the oxidization of Mo2N 
electrodes during cycling. Moreover, the evolution of MoO2 is further confirmed by HRTEM images. 
Figure 2c and d display TEM and HRTEM images of porous Mo2N electrodes after 500 cycles. As it can 
be seen in Figure 8.2c, after 500 cycles, the porous structure and nanobelt morphology of Mo2N maintain 
perfectly, while the edges of nanobelts become rough and aggregated grains and cracks appears after the initial 
cycles. From the HRTEM image in Figure 8.2d, the observed lattice fringes with interplanar distances of 
0.208, 0.432 and 0.342 nm, correspond to the (200) plane of Mo2N, (-101), and (-111) planes of MoO2 
respectively, which is consensus to ex-situ XRD result. Figure 8.2e shows XPS spectra of the Mo 3d 
doublet in Mo2N electrode at initial state, after 200 and 500 cycles at 1 A/g. As we can see from the 
deconvoluted Mo 3d energy region at initial state, three states of Moδ+ (δ=1~2), Mo4+, and Mo6+ were 
found at 228.6, 232.0, and 235.6 eV, corresponding to Mo2N, MoO2 and MoO3, respectively.[26] The 
existence of MoO2 and MoO3 is due to the oxidization on the surface of Mo2N nanobelts, which is similar 
to the oxygen evolution process. The characteristic Moδ+ band implies the ionic character of Mo-N bond in 
molybdenum nitrides. After 200 cycles, the prominent Moδ+ band at 228.6 eV becomes obviously weaker, 
corresponding to the decreasing Mo-N bonds. Meanwhile, the bands at 322.2 and 235.9 eV increase, 
ascribing to the graduate formation of MoO2.[27] After 500 cycles, the intensity of the peak at Mo
δ+ state 
becomes very weak, indicating few Mo2N components. Meanwhile, Mo6+(3d3/2) signal at 236.0 eV and 
Mo4+(3d3/2) signal at 232.8 eV intensify significantly, revealing more MoO2 and MoO3 are generated 
during cycling. The presence of Mo6+ is generally observed in the Mo3d XPS spectra of MoO2 reported 
in literatures, which can be due to the slight oxidation of metastable MoO2 by air.[28, 34] Thin MoO3 layer 
on the surface of MoO2 grains can contribute to higher discharge capacity due to its higher theoretical 
capacity. Furthermore, the EDS mapping of the sample after electrochemical activation for 800 cycles is 
carried out in Figure S10. After 800 cycles, the molar ratio between O and N is about 2.67:1, which is closed 
to the value after 500 cycles, indicating that few MoO2 was generated after 500 cycles. 
 
 
Figure 8.2. (a) XRD patterns (b) O 1s XPS spectra of the porous Mo2N nanobelts at initial state, after 
200 and 500 cycles during the electrochemical activation. (c) TEM and (d) HRTEM images of the 
formed electrochemical activated MoO2/Mo2N heterostructured nanobelts. (e) High-resolution Mo3d XPS 
spectra of the porous Mo2N nanobelts at initial state, after 200 cycles and 500 cycles during the 
electrochemical activation. 
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Figure 8.3. (a) XRD patterns of Mo2N collected at various states during initial cycle, (b) XRD patterns 
and charge-discharge curves of MoO2/Mo2N electrode at 100 mA/g, (c) Zn 2p, (d) Mo 3d, (e) O 1s XPS 
spectra of MoO2/Mo2N heterostructured nanobelts collected at various states after 200 cycles at 100 mA/g. 
 
8.2.3. Zinc ion Storage Mechanism 
 
In order to explore the mechanism of the origin of the capacity activation process, XRD, and XPS are 
applied to explore the zinc storage mechanism. As a comparison, XRD patterns of pure Mo2N nanobelts 
collected at various states during initial cycle are initially studied. (Figure 8.3a) Generally, there are no 
obvious changes in the positions of all the XRD peaks, suggesting that there is no phase transformation 
during the initial cycle. While, the intensity of all the XRD peaks is decreased, indicating the decreased 
crystallinity and the possible formation of defects during insertion and extraction of zinc ions. After 
electrochemical activation, as shown in Figure 3b, when the MoO2/Mo2N electrode is discharged to 0.25 
V, new peaks emerge at 12.2, 24.8 and 29.4°, corresponding to the ZnyMoO2 (y=0~0.5) phase (material 
project Zn(MoO2)2 (SG: 57)), indicating that the electrode undergoes a possible two-phase reaction. In 
the subsequent charge, when the MoO2/Mo2N electrode is charged to 0.65 V and 1.35 V, 
the disappearance of the diffractions of the ZnyMoO2 phase suggests that the ZnyMoO2 phase (JCPDF no: 
00-030-1486) gradually transforms back into MoO2 phase upon the extraction of zinc ions. The reversible 
phase conversion of MoO2 leads to the greatly increased capacity. XPS analysis provides further proof. Figure 
3c shows the Zn 2p XPS spectra of MoO2/Mo2N collected at different states after 200 cycles. The initial 
and extraction states show one Zn 2p1/2 (1044.9 eV) and one Zn 2p3/2 (1022 eV). While, upon discharge, a 
clear splitting of Zn 2p peaks appears at a higher binding energy (Zn 2p1/2: 1047.2 eV, 2p3/2: 1,024.5 eV), 
corresponding to the insertion of Zn ions. The different binding energies are attributed to different bonding 
interactions with the oxygen atoms in ZnyMoO2. Reversible electrochemical reaction of Zn2+ intercalation is 
evident in the Mo 3d XPS region. As shown in Figure 3d, The Mo 3d XPS region confirms the reversible 
electrochemical reaction of the MoO2/Mo2N electrode as Zn2+ ions intercalation/deintercalation. The 
pristine and charged MoO2/Mo2N electrode show two Mo 3d component (232.8 eV, 235.9 eV). At the 
insertion state, Mo 3d3/2 peaks have a slightly shift to higher binding energy (233.0 eV, 236.2 eV). The 
difference in the binding energies of the two Mo sites can be correlated to their distinctly different 
bonding interactions with the oxygen atoms in ZnyMoO2 (y=0~0.5). O 1s XPS spectra further confirm 
the reversible redox reaction during charging and discharging processes. As it can be seen in Figure 3e, 
at the initial state, the O 1s peak is deconvoluted into two peaks: Od (530.7 eV) and Op (532.4 eV). Here, 
the Od and Op represent Mo dioxide and Mo pentoxide, respectively. At the insertion state, a clear peak 
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shift and splitting of O 1s is obtained during discharging, indicating different bonding interactions with 
the zinc atoms in ZnyMoO2. While, at extraction state, O 1s regions change back to the initial state, 
revealing the fully reversible electrochemical reaction of Zn2+ insertion/extraction. 
The electrochemical mechanism of pure MoO3 nanobelts was also investigated. XRD measurement at 
different insertion/extraction state during initial cycle was conducted. As shown in Figure S11, when 
discharged to 0.4 V, the peak of 12.7° decreases slightly from state I to Ⅱ, resulting from the expanded 
interlayer spacing (020), which is caused by the intercalation of zinc ions during discharge process. Moreover, 
the new peaks emerge at 24.1, 26.6, 33.9, 38.5 and 55.6°, which could be assigned to crystallographic planes 
(104), (015), (021), (116) and (0210) of Zn5Mo2O11· 5H2O (JCPDF card no. 00-030-1486), respectively. And 
it comes back to the orthorhombic MoO3 phase with the extraction of Zn2+ ions, indicating the reversible 
phase transformation during the discharging/charging processes. While, from Figure S12, very rapid capacity 
decaying is observed in the subsequent several cycles. XRD pattern of the MoO3 electrode after 50 cycles 
was characterized to investigate the crystalline structure after cycling. As shown in figure S13, the main peaks 
at 12.3°, 25.6°, and 39° vanish, indicating that layer structure degrades and the irreversible new phase forms 
during cycling, resulting in the fast capacity loss.17 Similarly, MoO2 nanosheets show fast capacity fading 
during cycling, which is also due to the structural degradation and irreversible phase transformation (Figure 
S14, S15).  
Figure 8.4a, S12 and S14 shows the cycling performances of electrochemical activated MoO2/Mo2N 
heterostructured nanobelts, pure MoO3 nanobelts, and MoO2 nanosheets at a current density of 100 mA/g. It 
is found that the initial discharge specific capacity of MoO3 nanobelts is as high as 215 mAh/g. Compared 
with the fast capacity fading of MoO3 and MoO2, the electrochemical activated MoO2/Mo2N heterostructured 
nanobelts, exhibit the initial specific capacity of 140 mAh/g and maintain a capacity of 135 mAh/g after 100 
cycles, with the capacity retention of 96%, indicating excellent reversibility. Additionally, rate performance 
was summarized in Figure 8.4b, and S16. Compared with the low capacity and fast capacity decaying of 
MoO3 nanobelts and MoO2 nanosheets, the electrochemical activated MoO2/Mo2N heterostructured nanobelts 
show an excellent rate capability and provide a reversible specific capacity of 144, 148, 138, 116, 97 mAh/g 
at current density ranging from 50, 100, 200, 500, 1000 mA/g, respectively. Furthermore, with the current 
density reducing back to 50 mA/g, the electrode exhibits increased discharge capacity of 172 mAh/g, which 
retains 119% of the initial capacity and shows slightly capacity increasing. This result indicates that the 
heterostructured MoO2/Mo2N porous nanobelts can maintain higher capacities at high current densities over 
MoO3 nanobelts and MoO2 nanosheets in addition with the good recovery capability, which is a critical 
property for high-power batteries. Moreover, we have further evaluated the long-term cycling performance 
of these three samples at a very high current density of 1.0 A/g. As shown in figure 4c, the MoO2/Mo2N 
heterostructure delivers an initial capacity of 113 mAh/g, maintaining 89 mAh/g after 1000 cycles, with a 
capacity retention of 78.8%, indicating excellent cycling stability at high charge/discharge current. In contrast, 
the MoO3 nanobelts deliver an initial specific capacity of 180 mAh/g at the same rate and rapidly decay to 
less than 10 mAh/g after 30 cycles. The excellent rate capability, long cycling life and high capacity of porous 
MoO2/Mo2N heterostructured nanobelts is attributed to the heterostructure integrated with Mo2N matrix and 
MoO2 grains, which can support efficient pathways for the diffusion of zinc ions and can also accommodate 
more intercalated sites for zinc ion storage. 
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Figure 8.4. (a) cycling performance at 100 mA/g for 100 cycles, (b) rate performance at specific currents 
ranged from 50, 100, 200, 500, 1000 to 50 mA/g (c) cycling performance at 1 A/g for 1000 cycles of 
MoO3 nanobelts, MoO2 nanosheets and MoO2/Mo2N heterostructured nanobelts, (d) the contribution ratio 
of the capacitive capacities and diffusion-limited capacities for MoO3 nanobelts, (e) Nyquist plots of 
MoO3 nanobelts, MoO2 nanosheets and MoO2/Mo2N heterostructured nanobelts. 
 
To further investigate the charge storage mechanism in MoO3, MoO2 nanobelts and MoO2/Mo2N 
heterostructured nanobelts, we study the electrochemical kinetics of these electrodes via the analytical 
approaches, which can provide quantitative information about differences between diffusion-controlled and 
capacitive charge storage processes.[29-31] Figure S17a, S18a and S19a display the CV curves of MoO2/Mo2N 
heterostructured nanobelts, MoO3 nanobelts and MoO2 nanosheets at different scan rate respectively. A 
general approach for analyzing the electrochemical kinetics processes based on the scan rate test data, is 
described as the following power-law relationship. [32, 33] 
                                                        i=aν b                                                                                            (1) 
where a is a constant, i is the current (A), and ν is the scan rate (V s−1). The b-value in the above equation is 
an estimate of the type of charge storage occurring in the material: if b is 0.5, the current is diffusion controlled; 
while, if b is 1, the current is capacitive in nature. The relationship between log(i) (at every peak current) and 
log(ν) are shown in Figure S17b, S18b and S19b. For MoO2/Mo2N heterostructured nanobelts, the b-value is 
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0.93 (Figure S17b), revealing that the capacity of MoO2/Mo2N is dominated by the capacitive behavior. While, 
for MoO3 nanobelts and MoO2 nanosheets, the b-value determined by the slopes of the main anodic peaks is 
0.4832 and 0.435, respectively (Figure S18b and S19b), implying that the capacity of MoO3 is controlled by 
the diffusion process. To further determine the potential regions where the capacitive contributions occur in 
the CV plots, the current is divided into diffusion controlled and capacitive controlled through the following 
equation:[34-36] 
                                                        i = k1ν + k2 ν 1/2                                                                           (2) 
At a voltage, the k1-value characterizes the capacitive and k2-value corresponds to diffusion limited. For all 
the samples, the amount of charge stored are due to both diffusion and surface capacitive, as presented in 
Figure 4d, S18c and S19c. For instance, for MoO2/Mo2N heterostructured nanobelts, around 52.05% of the 
total current, is contributed by capacitive properties at the scan rate of 0.1 mV/s (Figure 4d). In contrast, merely 
23.6 % capacity of the MoO3 nanobelts (Figure S18c) and 7% capacity of the MoO2 nanosheets (Figure S19c) 
originate from capacitive behavior and the majority is diffusion controlled. In addition, contribution ratios of 
capacitive mechanisms at other scan rates are calculated. The results show that for MoO2/Mo2N 
heterostructured nanobelts, the capacitive contribution holds dominant position in the total capacity and the 
contribution ratios of the capacitive gradually increase with improvement of the scan rate. (Figure S20) 
Moreover, in order to investigate the electrochemical kinetics of MoO2/Mo2N -based zinc ion battery during 
cycling, we did the electrochemical impedance spectra (EIS) of the cell after different cycling times. In figure 
3c, the Nyquist plots show a compressed semicircle from the high to medium frequency range of each 
spectrum, and a line inclined at approximately 45° in the low-frequency range. The compressed semicircle 
describes the charge transfer resistance (Rct) for these electrodes, and the inclined line is considered as 
Warburg impedance (ZW). In the equivalent circuit, Rs represents the Ohmic resistance of the electrode 
system, including the electrolyte and the cell components. Rct represents the resistance related to charge 
transfer, and CPE and Zw are the capacitance related to double layer, and Warburg impedance, respectively. 
As we can see in the Nyquist plots in Figure 8.4e, the electrode of MoO2/Mo2N heterostructured nanobelts 
shows the Rct value of 130 Ω, much lower than that of pure MoO3 (400 Ω) and MoO2 (250 Ω) electrodes. The 
significantly decreased charge transfer resistance indicates faster charge transfer at the electrode/electrolyte 
interface. In addition, the slope at the low frequency range increases obviously, showing the enhanced ion 
diffusion kinetics. The reduced resistance and improve kinetics of MoO2/Mo2N heterostructure are attributed 
to the metallic conductive MoO2 grains and the porous framework, which can provide efficient electron 
transportation and support more diffusion pathway for zinc ions.[37] 
 
8.3. Conclusion 
 
In summary, we developed a new strategy based on electrochemical activation to obtain MoO2/Mo2N 
heterostructured nanobelts. This electrochemical activated MoO2/Mo2N heterostructured nanobelts are 
composed of MoO2 grains, which gradually generate in Mo2N matrix, forming the integrated heterostructure. 
In this MoO2/Mo2N heterostructure, the MoO2 grains could not only accommodate the intercalated zinc ions, 
supporting the high capacity (135 mAh/g at the current of 100 mA/g), but also provide highly electronic 
conductivity, to improve the rate capability. On the other hand, the Mo2N matrix can protect the MoO2 grains 
from structure degradation during cycling and keep stable in the acid electrolyte condition, supporting the 
high cycling reversibility. In this way, the designed porous MoO2/Mo2N heterostructured nanobelts cathode 
is able to deliver a high reversible capacity of 89 mAh/g at high current density of 1 A/g after 1000 cycles, 
showing long-term cyclic stability (capacity retention is 78.8%) and remarkable rate capability. This strategy 
of electrochemical activation of Mo2N derived MoO2/Mo2N heterostructured nanobelts cathode, a zinc anode, 
and a mild Zn(CF3SO3)2 aqueous electrolyte may have a significant impact on large-scale energy storage due 
to the low cost, high abundance, and environmentally benignity. In addition, our strategies in designing new 
cathodes for Zinc batteries may provide new insights in other metal ion batteries. 
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CHAPTER 9. CONCLUSIONS 
    In this report, nanostructured design has been developed to improve the electrochemical performance 
of anode and cathode materials for lithium ion batteries, respectively. For cathode material, composite 
nanostructure has been designed to improve the active sites, conductivity, and structural stability. For 
anode material, hierarchical or hollow nanostructure has been designed to avoid dramatic volume 
variations during charging and discharging, improving the mechanical stability and cycling 
performance.  
    A facile and scalable method is developed to prepare two-dimensional earth-abundant jarosite-
KFe3(SO4)2(OH)6/rGO hybrid via a solution-phase oxidization process at elevated temperature. In this 
synreport, single-layer graphene sheets serve as both structure-directing agents and growth platforms 
to directly grow monocrystalline KFe3(SO4)2(OH)6 nanoplates with unique hexagonal shapes, forming 
KFe3(SO4)2(OH)6/rGO hybrid. As cathode for lithium battery, the hybrid structure exhibits a high 
reversible capacity of 120.5 mAh/g after 100 cycles at a specific current of 2 C and thus retains 88% of 
the maximum capacity. The monocrystalline jarosite-KFe3(SO4)2(OH)6-nanoplates/rGO hybrid exhibits 
a discharge capacity of 143.6, 113.9, 98.2, 83.9 and 65.9 mAh/g at 1, 2, 5, 10, and 20 C, respectively, 
and retain a specific capacity of 134.4 mAh/g when the specific current returns from 20 C to 1 C, 
displaying an excellent rate capability. At the high rate of 10 C, the jarosite-KFe3(SO4)2(OH)6/rGO 
composites maintain 70.7 mAh/g after 300 cycles with a capacity retention of 78.2%, indicating 
remarkable cycling stability even at a high rate. In comparison with KFe3(SO4)2(OH)6 particles, the 
KFe3(SO4)2(OH)6/rGO nanocomposites exhibit remarkably prolonged cycling life and improved rate 
capability. Therefore, earth-abundant jarosite-KFe3(SO4)2(OH)6/rGO hybrid, demonstrates great 
potential for application as high-performance cathode material in new-generation lithium-ion 
rechargeable batteries. 
To overcome the challenges of dramatic volume variations and sluggish kinetics, we report a facile 
and scalable approach fabricating coral-like SnO2/C composite electrodes through a top-down strategy 
followed by a sol-gel carbon coating method. During the synreport, well-defined SnS2 nanoflowers and 
dopamine serve as structural template and carbon source for integrating the desired structure. The three-
dimensional coral-like SnO2/C composite exhibits a high reversible capacity of 648 mAh/g after 50 
electrochemical cycles and a low capacity fading of 0.778% per cycle from the 2nd to the 50th cycle, 
demonstrating an outstanding cycling stability. It also shows a discharge capacity of 1294, 784, 658, 
532, and 434 mAh/g at a specific current of 100, 200, 500, 1000 and 2000 mA/g, respectively, and 
retains a specific capacity of 719 mAh/g when the specific current goes back to 100 mA/g, displaying 
an excellent rate capability. Compared to SnS2 nanoflowers and bare interconnected SnO2 nanoparticles 
anode, the optimized coral-like SnO2/C composite shows significantly improved electrochemical 
performances in terms of rate capability and cycling reversibility, demonstrating great potential as 
superior anodes in next-generation lithium ion batteries.  
It is a great challenge to precisely control the composition (crystalline or amorphous), size and 
dimension of the building blocks of hierarchical nanostructures. Herein, we report a scalable method 
for fabricating crystalline-Co3O4-carbon@amorphous-FeOOH interwoven hollow polyhedrons through 
thermal treatment paired with solution-phase growth for application as anodes in new-generation 
lithium ion batteries. In this synreport, well-defined Co3O4-carbon hollow polyhedrons serve as both 
oxidizing agent and growth platform for amorphous FeOOH nanowires. The obtained heterostructured 
hollow polyhedrons exhibit a high reversible capacity of 603 mAh/g after 100 cycles at the specific 
current of 200 mA/g, showing a capacity fading of only 0.158% per cycle between 10 to 100 cycles, 
much lower than that of pure Co3O4-carbon hollow polyhedrons (0.604%). When the specific current 
returns from 2000 mA/g to 50 mA/g, Co3O4-carbon@FeOOH heterostructure maintains a specific 
capacity of 1120 mAh/g, demonstrating remarkable cycleabilty and high rate capability. Such superior 
performance is attributed to the synergistic effect of integrated crystal and amorphous components as 
well as the unique interwoven heterostructure. The design of such an interwoven 3D frame architecture 
provides new opportunity for obtaining high-performance electrode materials in the field of energy 
storage. 
In addition, we present the Co3O4-x-carbon@Fe2-yCoyO3 heterostructural hollow polyhedrons which 
have been fabricated by facile thermal treatment followed by solution-phase growth for application as 
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efficient OER electrocatalyst. Starting from a single ZIF-67 hollow polyhedron, a novel complex 
structured composite material constructed from Co3O4-x nanocrystallite-embedded carbon matrix 
embedded by Fe2-yCoyO3 nanowires is successfully prepared. The Co3O4-x nanocrystallite with oxygen 
vacancies provides both heterogeneous nucleation sites and growth platform for Fe2-yCoyO3 nanowires. 
The resultant heterostructure combines the advantages of Fe2-yCoyO3 nanowires with large surface area 
and surface defects of Co3O4-x nanocrystallite, resulting in improved electrocatalytic activity and 
electrical conductivity. As a result, such novel heterostructured OER electrocatalyst exhibits a much 
lower onset potential (1.52 V) and higher current density (70 mA/cm2 at 1.7 V), than that of Co3O4-x-
carbon hollow polyhedrons (onset 1.55 V, 35 mA/cm2 at 1.7 V) and pure Co3O4 hollow polyhedrons 
(onset 1.62 V, 5 mA/cm2 at 1.7 V). Furthermore, the design and synreport of MOF-derived 
nanomaterials in this work offer new opportunities for developing novel and efficient electrocatalysts 
in electrochemical devices. 
    Li-excess layered materials, such as Li[Li0.2Mn0.54Ni0.13Co0.13]O2 (LMNCO) et al. are promising 
cathode materials that can be used in batteries for hybrid electric vehicles (HEV)/electric vehicles (EV), 
due to their excellent lithium-storage capability and very high energy density. Dramatic capacity loss 
during electrochemical cycling seriously hinders their practical implementation. It is found that the 
LMNCO layered cathode material suffers from structural instability and irreversible layered-to-spinel 
phase transition during lithiation/delithiation, leading to dramatic loss of capacity and deteriorated 
electrochemical kinetics. To overcome this challenge, we synthesize spinel-structured LHMNCO TBA 
nanowires using an electrospinning method followed by facile ion-exchange promoted phase transition. 
After 100 electrochemical cycles at the specific current 0.5 C, spinel-structured LHMNCO TBA still 
retains a capacity of about 200 mAh/g, corresponding to a capacity retention ratio of 90.5%, much 
higher than that of layered LMNCO nanowires, which only maintains a specific capacity of 137 mAh/g 
with only 48.9% capacity retention.  
We also explore the cathode for aquesous zinc ion batteries. Rechargeable aqueous zinc ion batteries 
are particularly attractive for large-scale application due to their low cost, environmental friendliness 
and safety. However, the development of zinc ion batteries is seriously impeded by the limited choice 
of suitable cathode materials owing to their low reversibility and slow diffusion of divalent zinc cations 
in cathodes. Herein, defect-rich MoS2-x nanosheets are synthesized using a facile hydrothermal method 
followed by heat treatment, for application as superior cathode material for the zinc ion batteries. 
Combined STEM analysis, electrochemical study, and theoretical modeling reveal that the numerous 
edge sites and sulfur vacancies act as preferential intercalation sites for the zinc ions, allowing a much 
greater capacity to be obtained compared to defect-free MoS2. At a specific current of 100 mA/g, the 
MoS2-x cathode delivers a high reversible capacity of 135 mAh/g, corresponding to the 
insertion/extraction of 0.36 Zn2+ ions per molecular unit of MoS2-x. Moreover, the battery exhibits 
excellent capacity reversibility even at high rates. After 1000 cycles at a specific current of 1,000 mA/g, 
the MoS2-x electrode can still deliver a reversible capacity of 88.6 mAh/g, accounting for 87.8 % of the 
initial capacity.  
We also report an electrochemical activated porous MoO2/Mo2N heterostructured nanobelts cathode. 
During the electrochemical activation, it is interesting to find that MoO2 grains in-situ generate in Mo2N 
matrix. The generated MoO2 grains can not only accommodate the intercalated zinc ions, leading to 
high reversible capacity, but also provide high electronic conductivity, thereby improving the rate 
capability. On the other hand, the Mo2N matrix could protect the MoO2 grains from structure 
degradation during cycling and keep stable in the slight acidic electrolyte. Based on the synergic effect 
of MoO2 and Mo2N, electrochemical activated MoO2/Mo2N heterostructured nanobelts exhibit a high 
reversible capacity of 113 mAh/g at high current density of 1 A/g for 1000 cycles, showing long-term 
cyclic stability (capacity retention is 78.8%) and remarkable rate capability. It is believed that the 
superior performance is attributed to the synergistic effect of integrated MoO2 grains and Mo2N 
nanobelt matrix. This strategy of electrochemical activation process can be expanded to other metal 
nitride as zinc battery cathode. 
In conclusion, this disserattion work provides various strategious to develop desirable electrode 
materials with high performance for furure lithium-ion batteries. Nanostructure design is an ideal way 
to improve the performance of both cathode and anode. For cathode, reasonable composite 
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nanostructure can improve the active sites, conductivity, and structural stability. For anode material, the 
combination of hollow and hierarchical strecture can lead to high rate capacility and long cycling life. 
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